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(54) Title: METHODS FOR VACCINATING AGAINST MALARIA 

(57) Abstract: The invention pertains to methods for protecting against malaria infection hy vaccination. The method of the inven- 
tion involves priming an anti -malaria immune response with a DNA-based vaccine and boosting that response with a protein-based 
vaccine. The method of the invention also relates to broadening the resulting immune response by boosting with a protein-based 
vaccine. 
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Methods for Vaccinating Against Malaria 

CROSS REFERENCE TO RELATED APPLICATIONS 

[001] This application is based on and claims the benefit of U.S. Provisional 
Application S.N. 60/420,265, filed October 23, 2002 (Attorney Docket No. 4012.6001) and 
U.S. Provisional Application S.N. 60/447,026, filed February 13, 2003 (Attorney Docket 
No. 4012.6002). The entire disclosure of these provisional applications is relied upon and 
incorporated by reference herein. 

INTRODUCTION 

[002] Malaria is one of the greatest public health problems in the tropics and 
subtropics. Each year, 300 to 500 million people contract new Plasmodium infections, and 
up to 2.7 million die from malaria in the developing world (1 10). Plasmodium falciparum 
is the Plasmodium species responsible for the majority of deaths due to malaria. 

[003] The life cycle of P. falciparum occurs in four separate stages, three of which 
occur in the human body. See 115 generally. In the first stage, a mosquito carrying 
infectious sporozoites in its salivary glands obtains a blood meal from a person and, in 
doing so, transmits these sporozoites to the person's bloodstream. Once in the parenchymal 
cells of the liver, sporozoites replicate to form merozoites. In the second stage, the 
merozoites travel throughout the bloodstream, infecting red blood cells (RBCs). Once the 
RBC is full of merozoites, it bursts, releasing progeny that infect new RBCs. Anemia is a 
common symptom as this stage of infection. Eventually, some of these RBCs will also 
produce male and female gametocytes (the third stage). In the final stage, an uninfected 
mosquito feeds on an infected person, ingesting the gametocytes. In the mosquito, 
fertilization of the female gametocyte eventually leads to the production of infectious 
sporozoites, thus completing the cycle. 

[004] When a pathogen such as P. falciparum enters the human body, the body 
responds by activating the immune system. At first, a generalized response occurs followed 
by a pathogen-specific response. The pathogen-specific response targets antigens unique to 
the invading pathogen. The two major arms of the pathogen-specific response are cellular 
and humoral. CD8 + and CD4 + T cells participate in the cellular immune response. 
Specifically, CD8 + T cells produce cytokines such as interferon gamma (IFN-y), which has 
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a variety of stimulatory effects on other components of the immune system such as 
macrophages. A special class of CD8 + T cells, cytotoxic T lymphocytes (CTLs), 
specifically kill infected cells that express pathogen antigens on their surface. In contrast, 
CD4 + T cells or T helper cells promote the development of CTLs and induce B cells to 
divide and ultimately produce antibodies. T helper cells may be divided into two subsets, 
T H 1 and T H 2 CD4 + T cells, which are identified according to the profile of cytokines they 
produce. The second arm of the pathogen-specific immune response consists of the 
humoral response, in which B cells replicate, differentiate, and eventually produce 
antibodies which bind directly to pathogens. Antibodies are particularly useful for coating a 
pathogen not associated with any host cell. Phagocytic cells, such as macrophages, then 
engulf antibody coated pathogens. 

. [005] In the context of a malarial infection, different arms of the pathogen-specific 
immune response are most effective at particular stages of the P. falciparum life cycle. 
When infectious sporozoites travel to the liver and enter liver cells, the sporozoites become 
intracellular pathogens, spending little time outside the infected cells. At this stage, CD8 + T 
cells and CD4* T cells are especially important because these T cells and their cytokine 
products, such as IFN-y, are primarily responsible for the killing of infected host cells. 
Substantial data from the Naval Medical Research Center (NMRC) Malaria Program and 
other laboratories indicate that eliminating the intracellular liver parasites in murine malaria 
is dependent upon CD8+ T cell responses directed against peptides expressed by liver stage 
parasites (45). Depletion of CD8+ T cells abrogates protection against sporozoite challenge 
(27, 31, 90, 93, 108) and adoptive transfer of CD8+ T cells to naive animals confers 
protection (56, 85, 87, 109). 

[006] DNA vaccines induce cell-mediated immune responses, including the 
antigen-specific CD8 + cytotoxic T lymphocytes (CTLs) and Thl biased CD4 4 " T cell 
responses that are the major mechanisms of protection against intracellular pathogens and 
tumors (6, 1 1, 45, 63, 104, 106). However, thus far DNA vaccines have proved suboptimal 
for induction of protective immune responses in humans. 

[007] In contrast, when a malarial infection reaches the second stage and infects 
RBCs, infectious merozoites not only replicate inside RBCs, they circulate freely in the 
bloodstream. Antibodies are most effective at dealing with this stage of infection for two 
reasons. First, CTLs require infected host cells to present antigens on a special protein 
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called MHC-L RBCs do not express MHC-I, thereby reducing the effectiveness of CTLs. 
Second, as discussed above, antibodies mediate phagocytosis of pathogens not associated 
with host cells. Thus, in the second stage of infection, both B cells and CD4 + T cells, which 
stimulate B cells, are important for combating the infection. 

[008] The complexity of the human immune response to P. falciparum, as well as a 
multi-stage parasite life cycle with stage-specific expression of proteins, contribute to the 
difficulty in developing a vaccine against P. falciparum. Nonetheless, the need for a 
malaria vaccine remains. 

[009] The sporozoite stage of P. falciparum has been identified as a potential target 
of a malaria vaccine. The major surface protein of the sporozoite is known as 
circumsporozoite protein (CS protein). A protein from strain 7G8 has been cloned, 
expressed and sequenced (21). It is characterized by having a central immunodominant 
repeat region comprising a tetrapeptide Asn-Ala-Asn-Pro repeated 37 times but interspersed 
with four minor repeats Asn-Val -Asp-Pro, In other strains, the number of major and minor 
repeats vary as well as their relative position. This central portion is flanked by an N and C 
terminal portion composed of non-repetitive amino acid sequences designated as the 
repeatless portion of the CS protein. 

[010] A DNA-based vaccine containing a plasmid that expresses the P. falciparum 
circumsporozoite (P/CSP) gene was developed by Vical, Inc. San Diego, CA and the Naval 
Medical Research Center (47). The vaccine was composed of naked DNA in phosphate 
buffered saline (PBS) at a concentration of 2500 jug per 1 ml. The plasmid contained the 
full-length gene encoding the entire P/CSP gene, with expression controlled by the 
promoter/enhancer of the CMV IE gene, the 5 5 untranslated region of the CMV IE gene, 
and the transcriptional terminator of the bovine growth hormone gene (64). To enhance 
expression and secretion of the antigen in mammalian cells, the sequence encoding the 
leader peptide from human tissue plasminogen activator protein (hTPA) was added to the 5' 
end of the coding sequence. Thus, the two open reading frame sequences contained in the 
PfCSF plasmid encode the kanamycin resistance protein and the hTPA leader/P/CSP fusion 
protein (40). The P/CSP plasmid contains no known viral or oncogenic protein coding 
sequences. The plasmid contains 6261 nucleotide base pairs and has a molecular weight of 
4.07 X 10 6 gmu, assuming that the average base pair of DNA is 650 gmu. 

[011] The P/CSP DNA plasmid was constructed by using segments of cloned 
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DNA which were obtained from purified plasmids utilizing standard molecular genetic 
techniques. The plasmid was produced in bacterial (E, coli) cell culture with a kanamycin 
selection medium. After fermentation of bacterial cells, plasmid DNA was purified. 

[012] Preclinical immunogenicity studies of the P/CSP DNA vaccine were 
conducted at the NMRC prior to the start of clinical trials. Specifically, the P/CSP plasmid 
was transiently transfected into cultured mammalian cells after which antigen expression 
was evaluated by immunoblot analysis. This plasmid was also tested for its capacity to 
induce antigen-specific antibody and CTL responses in mice and nonhuman primates (40, 
105). Studies in the mouse model demonstrated induction of antigen-specific CTL and 
antibody responses following immunization with plasmid DNA (30). Studies further 
established that the intramuscular (IM) route of immunization was optimal for induction of 
CD8+ Thl immune responses, as reported in other systems (30). In addition, subsequent 
studies showed that all six Rhesus monkeys immunized via the IM route with the P/CSP 
plasmid, either alone or in combination with up to four other plasmids encoding other pre- 
erythrocytic liver stage P. falciparum proteins, had detectable antigen-specific CTL and/or 
antibody responses (106). 

[013] Before use in clinical trials, extensive preclinical safety studies were 
conducted. These studies included 1) a mouse tissue distribution study of plasmid DNA 
administered either via the intravenously (IV) route or the IM route; 2) repeat-dose safety 
studies in mice and rabbits; and 3) plasmid DNA integration studies in mice (67, 75). These 
studies are summarized below. 

[014] Plasmid distribution studies: Parker et al. assessed plasmid distribution in 
different tissues of mice (75). Mice received a single dose of the P/CSP plasmid, which 
was 25 times the highest mg/kg dose recommended for humans, either IV or IM. Tissues 
were harvested and PCR was used to assess the presence of plasmid DNA at the following 
time points: 1 hour, 2 days and 4-weeks post-administration after administration IV and 2 
days, 4 weeks, and 8 weeks after administration IM. Plasmid DNA was found distributed 
throughout all tissues one hour after IM administration. By 2 days after IM administration, 
plasmid was found only in bone marrow, blood, and at the injection site, with highest levels 
at the injection site. Plasmid DNA was detected only at the injection site by 1 week after 
IM administration. After IV administration, the i^CSP DNA plasmid was found distributed 
in low levels to all tissues except the gonads and brain. Four weeks after IV administration, 
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DNA plasmid was detected only in the lung of one animal. 

[015] Repeat dose safety studies: Parker et al. also addressed the safety of giving 
repeated doses of the vaccine in mice and rabbits (75). In a repeat-dose safety study in 
mice, animals received 8 repeated IM injections of the P/CSP DNA plasmid over a 28-day 
period at doses of 1.0 |ag, 10 |ig, and 100 \ig (cumulative doses equivalent to 5-500 times 
the proposed human dose on a mg/kg basis). There was no evidence of abnormal 
hematology or serum chemistry, abnormal histopathology, or induction of antinuclear 
antibodies or antibodies to dsDNA. hi a repeat-dose safety study in rabbits, animals 
received six weekly IM injections of the plasmid at doses of 150 |ag and 450 ja,g. Again, as 
in the murine studies, there was no evidence of abnormal hematology or serum chemistry, 
abnormal histopathology, or induction of antinuclear antibodies or antibodies to dsDNA. 
Thus, Parker's studies showed that the P/CSP plasmid distributes well throughout the host's 
tissues, that the plasmid was retained in some of those tissues for extended periods, and that 
the plasmid is safe for use in man, as shown by the lack of adverse reaction when it is 
administered to a volunteer. 

[016] Integration studies: Martin et al. assessed whether the P/CSP plasmid 
integrates into the host chromosomal DNA (67). A single dose of plasmid DNA was 
injected into each mouse and tissues were analyzed 30 and 60 days after administration by 
PCR analysis to a sensitivity of 1-10 copies per microgram of DNA. Overall, these studies 
provided no evidence for plasmid integration and suggested that if there is any integration 
of plasmid DNA into genomic DNA, it is at an extremely low level, several thousand times 
lower than that expected from spontaneous mutation. 

[017] Once investigators verified the safety of the P/CSP vaccine, the NMRC 
conducted two Phase-I clinical trials. In the first trial, healthy malaria-naive adult 
volunteers received the P/CSP DNA vaccine between 1997 and 1998 (33, 62, 105, 106). A 
total of 20 volunteers were enrolled and 5 volunteers were assigned to each of four dosage 
groups: 20 \ig, 100 |xg, 500 (ag, and 2500 jutg with 3 doses given at one month intervals. As 
described by Le et al., all of the doses were well tolerated with no episodes of severe or 
serious adverse events (62). There were four moderate adverse events; all were considered 
unlikely to be related to the vaccine administration. The most common complaint was pain 
and tenderness at the injection site. This was mild, lasting less than 48 hours, and required 
no medication. No volunteers had any significant serum biochemical abnormalities. 
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[018] None of the 20 subjects had the induction of anti-dsDNA antibodies or an 
increase in ANA (anti-nuclear antibody) titer from baseline, Wang et al. showed that none 
of the volunteers developed antibodies to PJCSP as assessed by indirect fluorescent 
antibody test (IF AT) against air-dried sporozoites and enzyme linked immunosorbent assay 
(ELISA) against recombinant and synthetic peptides. However, 1 1 of the 20 volunteers had 
antigen-specific, genetically restricted CTL activity. Specifically, the CTL responses were 
CD8+ T cell dependent, peptide-specific and genetically HLA-restricted since there was 
little or no recognition of autologous targets that were incubated with a control peptide or of 
HLA class I-mismatched targets that were incubated with the specific peptide. In addition, 
the DNA-induced CTLs were genetically restricted by multiple HLA alleles (105, 107 ). 
CTL positivity was dose-related. In the remaining 9 volunteers, CTLs were not detected in 
any assays conducted after each of the immunizations. 

[019] In the second clinical trial, initiated in April 1999, 14 healthy adult 
volunteers were immunized at 0, 4 and 8 weeks with the P/CSP DNA vaccine by three 
different routes: conventional needle IM (intramuscular), Biojector® IM, and Biojector® 
IM (70% of dose) plus ID (intradermal) (30% of dose). The Biojector® is a needleless jet 
injection device. Given the small size of the study, the HLA diversity of the volunteers was 
restricted to the most common HLA class I sub-type in this population, HLA A2, to permit 
intergroup comparisons of the genetically-restricted CTL response. Ten of the volunteers 
who participated in this study subsequently participated in an additional trial which 
employed the methods of the invention. This trial and its outcome are further described in 
the "Examples" section below. 

[020] Overall, the vaccine was safe and well-tolerated. Volunteers did not 
experience any severe or serious adverse events (AEs) that were vaccine related. None of 
the volunteers experienced significant laboratory abnormalities associated with 
administration of the P/CSP vaccine by any of the three routes tested (33). 

[021] Regarding immune responses to the vaccine, none of the volunteers 
developed antibodies to the P/CSP as assessed by IF AT against air-dried sporozoites and 
ELISA against recombinant and synthetic peptides (107). The absence of P/CSP-specific 
antibodies was somewhat surprising because both the Biojector jet injection device and the 
ID route of immunization have been associated with improved antibody production in 
animal models (1, 37, 62). T cell responses were measured by IFN-y in ELISPOT assays. 
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In performing these assays, peptides including T cell epitopes of the CSP protein encoded 
by the P/CSP plasmid were used. 

[022] All four volunteers in the needle IM group responded to 7/9 peptides in 
17.6% (26/148) of assays. All five volunteers in the Biojector IM group responded to 9/9 
peptides in 26.5% (49/1 85) of assays. Four out of five volunteers in the Biojector IM/ID 
group responded to 7/9 peptides in 17.3% (32/185) of assays. Eight of the 14 volunteers 
had detectable CTL responses. Of those eight, two were in the needle IM group 
(responding to 4/7 peptides in a total of 5/126 assays), three were in the Biojector IM group 
(responding to 6/8 peptides in a total of 1 1/168 assays), and three were in the Biojector 
IM/ID group (responding to 6/6 peptides in at total of 14/162 assays) (107). Overall, this 
trial established that Biojector IM route of inoculation was the most effective for inducing 
an antigen-specific IFN-y response and that Biojector IM or IM/ID route was most effective 
at inducing antigen- specific CTL responses. 

[023] In sum, these two clinical trials demonstrate that the P/CSP polynucleotide 
vaccine can elicit an antigen-specific, genetically restricted CD8+ T cell response as 
measured by peptide-specific, genetically restricted, CD8+ T cell dependent CTL activity 
and by IFN-y production (105, 107). Volunteers from the second clinical trial, when tested 
one year after the administration of the last dose of the P/CSP polynucleotide vaccine, failed 
to demonstrate any CD8+ antigen-specific T cell responses as measured above. 

[024] As discussed above, in addition to CD8+ T cell responses, antibodies against 
any peptide of the P/CSV protein also play an important role in controlling malarial 
infections (1, 78, 99). Although most recipients of the P/CSP DNA vaccine developed 
CD8+ antigen-specific T cell responses, none developed any anti-CSP specific antibodies. 
In contrast, investigators have shown that RTS,S can elicit robust antibody responses to 
CSP (53, 99, 100). RTS,S is also a potent inducer of TH-1 type cellular and humoral 
immunity with RTS,S-specific CD4+ T cell responses predominantly focused on the Th2R 
immunodominant polymorphic region (61). 

[025] Administration of 2 or 3 doses of RTS,S has protected a mean of 44% of 
more than 60 volunteers challenged with P. falciparum 2-3 weeks after last immunization 
(8, 54, 99), and protected 70% of semi-immune Gambians for 2 months after last 
immunization (8). However, this protection is of short duration (8, 100). Immunization 
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with RTS 5 S induces anti-PfCSP antibodies and CD4 + T cell-dependent IFN-y responses, but 
no CD8 + T cell-dependent CTL or IFN-y responses have been detected (61). 

THE INVENTION 

[026] The instant invention provides a new vaccine method that primes an immune 
response with a priming vaccine comprising a polynucleotide encoding at least one first 
malarial antigen and then boosts the primed response with a boosting vaccine comprising at 
least one polypeptide comprising at least one second malarial antigen having at least one 
epitope in common with the at least one first malaria antigen of the priming vaccine. This 
combination provides three significant improvements to current anti-malaria vaccinktion 
strategies. 

[027] First, the combination of two heterologous vaccines activates both arms of 
the immune system, CD8+ T cells, CD4+ T cells, and antibodies. Specifically, based on the 
results of clinical trials using the P/CSP vaccine or the RTS,S vaccine, neither vaccine alone 
established a sustainable immune response that invoked CD8+ T cells, CD4+ T cells, and 
antibodies to CSP. The instant invention improves this outcome by combining the two 
vaccines, thereby eliciting all three types of responses. Specifically, the P/CSP vaccine 
primes a CD8+ T cell response and the RTS,S vaccine boosts that T cell response. As the 
RTS,S vaccine also elicits anti-CSP antibodies and CD4+ T cells, the resulting immune 
response to CSP includes both the CD8+ and CD4+ T cell responses and antibody 
responses. We refer to this overall strategy of vaccination, priming with one vaccine and 
then boosting with a different vaccine that shares at least one common epitope with the 
priming vaccine, as a "prime/boost" strategy. 

[028] The invention's second significant improvement over current vaccination 
strategies lies in the fact that it employs a protein vaccine to stimulate a CD 8+ T cell 
response in humans. The method of the invention boosts T cell responses by using a 
protein-based vaccine that was heretofore considered ineffective at stimulating CD8+ T cell 
responses (61). 

[029] Finally, the third significant improvement over current anti-malaria 
vaccination strategies provided by the invention is that it broadens the immune response in 
two ways. First, a broader repertoire of IFN-y -producing T cells (Tel and Thl) was 
induced by DNA priming/RTS,S boost, since priming with DNA initiated both CD4+ T 
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cell-dependent CD8+ type 1 (Tel) and CD4+ type 1 (Thl) IFN -y responses, whereas 
RTS,S alone induced only CD4+ T cell-dependent Thl IFNy responses. Second, when 
administered alone, the P/CSP vaccine primes a certain population of CD8+ T cells. 
Likewise, the RTS.S vaccine alone primes a certain population of CD4+ T cells and B cells 
that make a certain set of antibodies. When combined, however, the resulting CD8+ T cell 
response not only covers the epitopes initially primed by the P/CSP vaccine, the response 
also covers additional epitopes not initially identified after the priming P/CSP vaccination. 
The concept that a protein vaccine would boost an established CD 8+ T cell response, as 
well as broaden it, is unexpected in light of what was known in the art about protein 
vaccines. 

Brief Description of the Invention 

[030] The instant invention pertains to methods for immunizing a human against 
malaria comprising the steps of: a) priming an immune response in a human by 
administration of a priming vaccine comprising a polynucleotide encoding at least one 
malaria antigen; and b) boosting the primed immune response by subsequent administration 
of a boosting vaccine comprising at least one polypeptide which comprises at least one 
malaria antigen having at least one epitope in common with the malaria antigen or antigens 
of the priming vaccine to invoke both a cellular immune response and a humoral immune 
response against malaria. 

[03 1] In one embodiment of the invention, the priming vaccine encodes the same 
polypeptide present in the boosting vaccine. In other embodiments, either the priming 
vaccine encodes part of the malaria antigen present in the boosting vaccine or the 
polypeptide present in the boosting vaccine is a portion of the malaria antigen encoded by 
the priming vaccine. In another embodiment, the vaccines share at least one malarial T cell 
epitope. In yet another embodiment, the vaccines share at least one malarial CD8+ T cell 
epitope. In an alternate embodiment, the two vaccines share several malarial epitopes. 

[032] Any pathogen that causes malaria may be used in the method of the 
invention. In one embodiment, the pathogen is P. falciparum. In other embodiments, for 
example, the pathogen may be P. vivax, P. ovale, or P. malariae. Likewise, the method of 
the invention may be used with any malaria antigen expressed at any stage of the pathogen's 
lifecycle. In one embodiment, the priming vaccine encodes and the boosting vaccine 
comprises one or more antigens expressed during the pre-RBC stage of the pathogen, 
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including the liver stage. In yet another embodiment, the polynucleotide of the priming 
vaccine encodes at least a portion of the circumsporozoite protein and the boosting vaccine 
comprises at least a portion of the circumsporozoite protein, which is expressed during the 
liver stage of infection. In still another embodiment, the polynucleotide of the priming 
vaccine encodes substantially all of the circumsporozoite protein and the boosting vaccine 
comprises a portion of the circumsporozoite protein. The minimum portion of the CS 
protein is an imuno genie portion comprising at least one epitope or several epitopes. In one 
specific embodiment , the priming vaccine comprises P/CSP and the boosting vaccine 
comprises RTS,S. In another embodiment, the priming vaccine is the P/CSP vaccine and 
the boosting vaccine is the RTS,S vaccine. 

[033] The invention further provides a pharmaceutical kit comprising the priming 
and boosting vaccines as described herein. 

[034] The invention further provides the use of a priming vaccine and a boosting 
vaccine as described herein, in the preparation of a vaccine for prevention or reduction of 
severity of malaria. 

[035] Thus the invention provides the use of a polynucleotide encoding at least one 
malaria antigen, in particular the CS protein or a fragment thereof, as a priming vaccine and 
a polypeptide comprising the at least one malaria antigen, in particular CS protein or a 
fragment thereof, as a boosting vaccine, in the manufacture of a prime-boost vaccine for 
malaria. In one specific embodiment, one polynucleotide is in the form of a DNA plasmid, 
preferably expressing full length CS protein or a fragment thereof. The polynucleotide 
encoding the CS protein or fragment may be under the control of a heterologous promoter 
as known in the art. In one embodiment, the promoter is the HCMV IE promoter, 
optionally including exon 1, In one specific embodiment, the polypeptide of the boosting 
vaccine is a hybrid protein comprising the carboxy terminal portion of the CS protein, for 
example at least 160 amino acids from the carboxy terminal portion, optionally excluding 
12 amino acids from the carboxy terminus. Either or both of the priming and boosting 
compositions may comprise additional malaria antigens or other antigens. 

[036] Li an embodiment according to this aspect of the invention, the priming 
vaccine comprises a polynucleotide encoding the full length CS protein, present in a DNA 
plasmid under the control of a heterologous promoter and the boosting vaccine comprises 
RTS,S in combination with a Thl inducing adjuvant, particularly an adjuvant which 
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comprises QS21, 3D-MPL and an oil in water emulsion. The priming and boosting 
vaccines may be provided in the form of a pharmaceutical kit. 

[037] The invention provides partial, enhanced, or full protection of a human who 
has not previously been exposed to a malaria-causing pathogen, or has been exposed, but is 
not fully protected. The invention may also be used to reduce the chance of developing a 
malaria infection, reduce the chance of becoming ill when one is infected, reduce the 
severity of the illness, such as fever, when one becomes infected, reduce the concentration 
of parasites in the infected person, or to reduce mortality from malaria when one is exposed 
to malaria parasites. In regions where malaria is endemic, even partial protection is 
beneficial. For example, a vaccine treatment strategy that results in protection of about 30% 
of a population may have a significant impact on a community. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[038] FIG. 1 shows CTL responses for each positive subject and each positive 
peptide just after DNA priming (Fig. la), just before boosting with RTS,S (Fig. lb), and 
then after RTS,S boost (Fig. lc). Black bars represent samples containing test peptide and 
the proper MHC presentation. Stippled bars represent samples containing a control peptide 
and the proper MHC presentation. Striped bars represent samples containing test peptide 
without proper MHC presentation. Fresh PBMCs taken after DNA priming (a), before 
boosting (b), or at 2 wks after the first (volunteer number 6 = V6) or second (V2, 3, 8, and 
9) dose of RTS,S (c), were stimulated in vitro with ALVAC expressing the P/CSP for 7 
days, and assayed against HLA class I-matched (MHC+peptide) or -mismatched targets 
(Non-MHC+peptide) incubated with the experimental 8-10 amino acid P/CSP-derived 
peptide or control peptide (HLA-A*0201 restricted HIV gag) (MHC+control), in a 5 hour 
chromium release assay. Responses were considered positive only if the difference between 
the percent lysis of target cells pulsed with experimental and control peptides was > 10% for 
at least 2 effector cell to target cell ratios (E:T). The percent lysis for each peptide with its 
simultaneously assessed controls at a single E:T ratio (20:1 or 40:1) is provided. 

[039] FIG. 2 characterizes the T cells involved in IFN-y responses in vitro in 
induction and effector phases respectively. ELISPOT assays were conducted with frozen 
PBMCs from volunteers immunized with 3 doses of P/CSP DNA alone (VI and V5) or 2 
doses of RTS,S alone (V19, V21 and V22), either treated with control Dynabeads or 
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depleted of CD4 + or CD8 + T cells immediately prior to culture with peptides (a) Flu M A2, 
(b) TT-DR, (c) P/CSP DR.363, or (d) P/CSP DR.316. In parallel, IFN- y mRNA expression 
levels (e) were measured by real-time PGR in selectively enriched T cell populations 
(CD4 + /CD45RA + , CD4+/CD45RA", CD8 + /CD45RA + ? and CD8 + /CD45RA") from the same 
volunteer at the same study time points immediately after 36 hour culture with the same sets 
of peptides tested in ELISPOT assays. 

[040] FIG. 3 shows IFN- y mRNA expression levels in T cell subsets measured by 
real-time PCR IFN- y. Frozen cells from two volunteers (VI and V5) acquired after 3 doses 
of P/CSP DNA (DNA alone) and after the individuals had been boosted with two doses of 
RTS,S vaccine (DNA/RTS,S) were studied. Cells were incubated with peptide P/CSP 
DR.363 for 36 hours, selectively enriched and assessed for IFN- y mRNA expression. After 
DNA immunization, IFN- y mRNA expression was modestly (5-10 fold) up-regulated in 
CD4+ T cells in the CD45RA- subset in volunteer VI and in the CD45RA+ subset in 
volunteer V5, but not in CD8 + T cells. RTS,S boosting was associated with a significant 
(80-100 fold) increase in IFN- y mRNA expression levels in the upregulated CD4 + T subset 
in both volunteers, but not in CD8 + T cells. 

[041] FIG. 4 shows a shift from DNA-induced pattern of IFN- y response to 
peptide DR.3 16 (CD8 + Tel only) after first dose of RTS,S to a mixture of two patterns 
(CD8 + Tel and CD4 + Thl) after administering a second dose of the RTS,S vaccine. In the 
ex vivo ELISPOT done with cells from volunteer V2 5 (a) IFN- y responses were 
significantly reduced by CD4 + and CD8 + T cell depletion prior to culture after the first dose 
of RTS,S (a feature of DNA-induced IFN- y responses). After the second dose of RTS 5 S 
vaccine, only CD4+ T cell depletion significantly reduced activity. In parallel, in the 
effector phase by real-time PCR (b), IFN- y mRNA expression was up-regulated in CD8 + 
but not in CD4 + T cells after the first dose of RTS,S, and was up-regulated in both CD8 + 
and CD4 + T cells after the second dose of RTS 3 S. "2wkpl" refers to 2 weeks after the first 
dose and "2wkp2" refers to 2 weeks after the second dose. 

[042] FIG. 5 shows the antibody IF AT titers of DNA-primed/RTS,S-boosted 
Volunteers. Antibody titers presented as geometric mean ± SE (95% confident intervals) in 
DNA primed (+) and unprimed (-) volunteers with (+) and without (-) antibodies to HBsAg 
prior to first dose of RTS,S. Antibody assays were performed after the 1 st and 2 nd 
immunizations with RTS 5 S. There were no significant differences in titers between any of 
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the groups, except that at 2 wks after the first dose, the DNA-/HBsAg+ volunteers had a 
significantly greater titer than did the DNA+/HBsAg+ (P < 0.02). 

DETAILED DESCRIPTION OF THE INVENTION 

[043] As demonstrated herein, a multiarmed immune response to malaria infection 
is primed by immunizing human subjects with a priming vaccine comprising a 
polynucleotide encoding at least one malaria antigen and then boosted by immunizing with 
a boosting vaccine comprising at least one polypeptide which comprises at least one malaria 
antigen having at least one epitope in common with the malaria antigen or antigens of the 
priming vaccine. Surprisingly, the instant immunization method boosts and broadens the 
primed response, using a polypeptide vaccine. 

[044] A "vaccine" is a composition of matter comprising a molecule that, when 
administered to a subject, induces an immune response. Vaccines can comprise 
polynucleotide molecules, polypeptide molecules, and carbohydrate molecules, as well as 
derivatives and combinations of each, such as glycoproteins, lipoproteins, carbohydrate- 
protein conjugates, fusions between two or more polypeptides or polynucleotides, and the 
like. A vaccine may further comprise a diluent, an adjuvant, a carrier, or combinations 
thereof, as would be readily understood by those in the art (83). 

[045] Any method or route of inoculation may be used alone or in combination to 
deliver the polynucleotide vaccine or the protein vaccine to a human subject. Routes of 
administration include intravenous, intramuscular, subcutaneous, intradermal or mucosal. 
Means of delivery may vary, for example, one may inject a human via an IV, IM 5 
subcutaneously, or ID route. One may also inoculate a human subject via the mucosal 
route. Alternatively, delivery may be via a needleless means, such as using a needleless 
"gene gun" e.g., Biojector® or other jet injection device, or biolostic delivery. The 
polynucleotide may be delivered in bacteria comprising the DNA of the PJCSV vaccine, or 
viruses comprising the DNA of the PJCSP vaccine. 

[046] Examples of suitable viral vectors include herpes simplex viral vectors, 
vaccinia or alpha- virus vectors and retroviruses, including lentiviruses, adenoviruses and 
adeno-associated viruses. In one embodiment, these vectors are replication defective virus 
vectors. Gene transfer techniques using these viruses are known to those skilled in the art. 
Retrovirus vectors, for example, may be used to stably integrate the polynucleotide of the 

13 



WO 2004/037189 



PCT/US2003/033462 



invention into the host genome, although such recombination may not be advisable. 
Replication-defective adenovirus vectors by contrast remain episomal and therefore allow 
transient expression. 

[Q47] In a specific embodiment, the adenovirus used as a live vector is a replication 
defective human or simian adenovirus. Typically these viruses contain an El deletion and 
may be grown on cell lines that are transformed with an El gene. Suitable Simian 
adenoviruses are, for example, viruses isolated from Chimpanzee. Examples of viruses 
suitable for use in the present invention include C68 (also known as Pan 9) (US patent No 
6083 716, incoroporated herein by reference) and Pan 5, 6 and Pan 7 (WO 03/046124 
incorporated herein by reference). Thus, these vectors can be manipulated to insert a 
heterologous gene of the invention such that the gene product maybe expressed. The use 
formulation and manufacture of such recombinat adenoviral vectors is set forth in detail in 
WO 03/046142, which is incorporated by reference. 

[048] A vaccine may be comprised of separate components. As used herein, 
"separate components" refers to a situation wherein the term vaccine actually comprises two 
discrete vaccines to be administered separately to a subject. In that sense, a vaccine 
comprised of separate components may be viewed as a kit or a package comprising separate 
vaccine components. For example, in the context of the instant invention, a package may 
comprise a polynucleotide vaccine component and a polypeptide vaccine component. 

[049] A vaccine "induces" an immune response when the antigen or antigens 
present in the vaccine cause the vaccinated subject to mount an immune response to that 
antigen or antigens. The vaccinated subject will generate an immune response, as 
evidenced by activation of the immune system, which includes the production of vaccine 
antigen-specific T cells, vaccine antigen-specific B cells, vaccine antigen-specific 
antibodies, and cytokines. The resulting immune response may be measured by several 
methods including ELISPOT, ELISA, chromium release assays, intracellular cytokine 
staining, FACS analysis, and MHC tetramer staining (to identify peptide-specific cells). A 
skilled artisan may also use these methods to measure a primary immune response or a 
secondary immune response. 

[050] An "antigen" is a substance capable of generating an immune response in a 
subject exposed to the antigen. Antigens are usually polypeptides and are the focus of the 
host's immune response. An "epitope" or "antigenic determinant" is that part of an antigen 
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to which T cells and antibodies specifically bind. An antigen may contain multiple 
epitopes. 

[051] The priming vaccine used in the method of the invention comprises a 
polynucleotide encoding a malaria antigen, discussed below. The priming vaccine may be 
DNA alone or DNA that is under control of a foreign promoter within a bacterium or virus. 
The polynucleotide of the priming vaccine is present in a suitable delivery vector such as a 
plasmid or other vector such as a bacterial or viral vector. The polynucleotide may be under 
the control of a suitable promoter such as a promoter derived from the HCMV IE gene. The 
priming vaccine is administered in an amount effective for priming an immune response to 
the malaria antigen. As used herein, "priming" of an immune response occurs when an 
antigen is presented to T cells or B cells. As a result, primed cells can respond to the same 
antigen again as memory cells in a second, subsequent immune response. Thus, priming 
generates both the primary immune response and establishes immunological memory. One 
skilled in this art appreciates that a primary immune response represents the adaptive 
immune response upon initial exposure to an antigen in a particular context such as in the 
pathogen or in a vaccine. However, it will also be appreciated that the invention is not 
limited to use of the priming vaccine in the context of immunologically naiVe individuals. 
Rather, priming may also occur in individuals who have been exposed to the antigen but 
who have not received the priming vaccine. 

[052] An "effective" priming dosage may range between 0.01 jag and 50 mg of 
DNA. Alternatively, the dosage may be between 1 ]ag and 10 mg of DNA or 2.5 mg and 5 
mg of DNA. The polynucleotide vaccine may be administered once before administration 
of the boosting polypeptide vaccine. In another embodiment, the priming vaccine may be 
administered several times. An "effective" number of inoculations may range between 1 
and 5 doses. Alternatively, the number of dosage may be between 1 and 3 doses or 1 and 2 
doses before administering the boosting vaccine. 

[053] "Polynucleotide" generally refers to any polyribonucleotide (RNA) or 
polydeoxribonucleotide (DNA), which may be unmodified or modified RNA or DNA. 
Polynucleotides include, without limitation, single-stranded and double-stranded DNA, 
DNA that is a mixture of single-stranded and double-stranded regions, single-stranded and 
double-stranded RNA, and RNA that is a mixture of single-stranded and double-stranded 
regions. Polynucleotides also include hybrid molecules comprising DNA and RNA that 
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may be single-stranded or, more typically, double-stranded or a mixture of single-stranded 
and double-stranded regions. In addition, "polynucleotide" refers to triple-stranded regions 
comprising RNA or DNA or both RNA and DNA. Polynucleotides also include DNAs or 
RNAs containing one or more modified bases and DNAs or RNAs with backbones 
modified for stability or for other reasons. "Modified" bases include, for example, tritylated 
bases and unusual bases such as inosine. A variety of modifications* may be made to DNA 
and RNA; thus, "polynucleotide" embraces chemically, enzymatically or metabolically 
modified forms of polynucleotides as typically found in nature, as well as the chemical 
forms of DNA and RNA characteristic of viruses and cells. Oligonucleotides are relatively 
short polynucleotides. 

[054] A "fragment" of a polynucleotide sequence refers to a polynucleotide 
sequence that is shorter than the reference sequence but that retains a biological function or 
activity which is recognized to be the same as the reference polynucleotide. A fragment 
encodes at least one epitope of the reference polypeptide encoded by the reference 
polynucleotide sequence. As used herein, "substantially all" when used to describe a 
polynucleotide or polypeptide, refers to a molecule that, but for minor deletions of 
nucleotide bases or amino acid residues, encodes or represents the complete, foil length 
polynucleotide or polypeptide. 

[055] The boosting vaccine used in the method of the invention may comprise a 
fusion protein comprising at least one malaria antigen polypeptide, discussed below. 
Polypeptides used in this vaccine maybe isolated from a natural source, produced as a 
recombinant protein in a foreign organism such as bacteria, or synthesized via chemical 
means. The boosting vaccine may further comprise additional non-malarial polypeptides to 
enhance the immunogenicity of the malaria polypeptide. For example, one may use part or 
all of the Hepatitis B Virus surface antigen. The priming vaccine and the boosting vaccine 
share at least one common malaria epitope. 

[056] A suitable fusion protein for use in the boosting vaccine according to the 
invention may comprise a hybrid protein comprising substantially all the C-terminal portion 
of the CS protein, four or more tandem repeats of the immunodominant region, and the 
surface antigen from hepatitis B virus (HbsAg). The hybrid protein comprises a sequence 
which contains at least 160 amino acids which is substantially homologous to the C- 
terminal portion of the CS protein. In one embodiment, the CS protein may be devoid of 
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the last 12 amino acids from the C terminus. A suitable hybrid protein comprises, for 
example, a portion of the CS protein of P. falciparum substantially as corresponding to 
amino acids 210-398 of P. falciparum 7G8 fused in frame via a linear linker to the N- 
terminal of HbsAg. The linker may comprise a portion of preS2 from HbsAg. 

[057] Another embodiment is the hybrid particle designated RTS ? S which is 
described in US Pat. 5,928,902 and in international patent application WO 93/10152, which 
are incorporated herein by reference. This hybrid is comprised of : 1 .) a methionine- 
residue, encoded by nucleotides 1059 to 1061, derived from the Saccharomyces cerevisiae 
TDH3 gene sequence (71); 2.) three amino acids, Met Ala Pro, derived from a nucleotide 
sequence (1062 to 1070) created by the cloning procedure used to construct the hybrid gene; 
3.) a stretch of 189 amino acids, encoded by nucleotides 1071 to 1637 representing amino 
acids 210 to 398 of the circumsporozoite protein (CSP) of Plasmodium falciparum strain 
7G8 (21); 4.) an amino acid (Arg) encoded by nucleotides 1638 to 1640, created by the 
cloning procedure used to construct the hybrid gene; 5.) four amino acids, Pro Val Thr Asn, 
encoded by nucleotides 1641 to 1652, and representing the four carboxy terminal residues 
of the hepatitis B virus (adw serotype) preS2 protein (103); and 6.) a stretch of 226 amino 
acids, encoded by nucleotides 1653 to 2330, and specifying the S protein of hepatitis B 
virus (adw serotype). 

[058] The boosting vaccine is administered in an amount effective for "boosting" a 
primed immune response to the malaria antigen. As used herein, "boosting" an immune 
response means to induce a secondary immune response in a subject that has been primed 
(i.e., already exposed) by an initial exposure to an antigen. A secondary immune response 
is characterized by the activation and expansion of specific memory T cells and B cells. 
Thus, boosting a specific immune response augments the primed immune response by 
inducing immune cells to proliferate and differentiate upon subsequent exposure to that 
antigen. As discussed below, the full length CS protein of the i^CSP vaccine contains 9 T 
cell epitopes while RTS,S contains 5 T cell epitopes (61). Four of the RTS,S epitopes are 
present in the P/CSP vaccine. For example, when administered, the priming vaccine primes 
anti-malaria CD8+ T cells. The boosting vaccine may achieve one or more of the following 
effects: induces CD44- T cells, induces anti-malaria antibodies, boosts the activity of the 
CD 8+ T cells primed by the priming vaccine, and induces additional CD8+ T cells not 
originally identified in the initially primed immune response. The boosting vaccine may 
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also induce CD4+ T cells and induce anti-malaria antibodies. Boosting an immune 
response is also known in the art as "recalling" the immune response. 

[059] An "effective" boosting dosage may range between 1 |ig and 100 \xg or 
between 10 jug and 75 jug or between 40 jag and 60 jag. In another embodiment, the 
boosting dosage may be 50 jag. In yet another embodiment, the boosting dosage may be 25 
jag. The boosting vaccine may be administered once or multiple times. An "effective" 
number of boosting doses may range between 1 and 5 doses of the boosting vaccine. 
Alternatively, the number of doses may be between 1 and 3 doses or between 1 and 2 doses 
to a human subject. In another embodiment, both a DNA vaccine and protein vaccine may 
be used to boost the primary immune response. 

[060] "Polypeptide" refers to any polypeptide comprising two or more amino acids 
joined to each other by peptide bonds or modified peptide bonds, i.e., peptide isosteres. 
"Polypeptide" refers to both short chains, commonly referred to as peptides, oligopeptides 
or oligomers, and to longer chains, generally referred to as proteins. Polypeptides may 
contain amino acids other than those normally encoded by a codon. 

[061] Polypeptides include amino acid sequences modified either by natural 
processes, such as post-translational processing, or by chemical modification techniques 
that are well known in the art. Such modifications are well described in basic texts and in 
more detailed monographs, as well as in a voluminous research literature. Modifications 
may occur anywhere in a polypeptide, including the peptide backbone, the amino acid side- 
chains and the amino or carboxyl termini. Such modifications may be present to the same 
or varying degrees at several sites in a given polypeptide. Also, a given polypeptide may 
contain many types of modifications. Polypeptides may be branched as a result of 
ubiquitination, and they may be cyclic, with or without branching. Cyclic, branched and 
branched cyclic polypeptides may result from post-translation natural processes or may be 
made by synthetic methods. Modifications include acetylation, acylation, ADP- 
ribosylation, amidation, biotinylation, covalent attachment of flavin, covalent attachment of 
a heme moiety, covalent attachment of a nucleotide or nucleotide derivative, covalent 
attachment of a lipid or lipid derivative, covalent attachment of phosphotidylinositol, cross- 
linking, cyclization, disulfide bond formation, demethylation, formation of covalent cross- 
links, formation of cystine, fonnation of pyroglutamate, formylation, gamma-carboxylation, 
glycosylation, GPI anchor fonnation, hydroxylation, iodination, methylation, 
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myristoylation, oxidation, proteolytic processing, phosphorylation, prenylation, 
racemization, selenoylation, sulfation, transfer-RNA mediated addition of amino acids to 
proteins such as arginylation, and ubiquitination (79, 82, 94, 113). 

[062] A "fragment" of a polypeptide sequence refers to a polypeptide sequence that 
is shorter than the reference sequence but that retains a biological function or activity which 
is recognized to be the same as the reference polypeptide. Such an activity may include, for 
example, the ability to stimulate an immune response. A fragment retains at least one 
epitope of the reference polypeptide. A "portion" of a polypeptide refers to a subset of the 
amino acid sequence of the reference polypeptide. A portion may be described by its 
relative location in the polypeptide, for example, C-terminal portion or N-terminal portion. 

[063] The invention may be used with any malaria antigen, such as those shown in 
Table A and Table B. 



Table A 

Pre-RBC Antigens 



ANTIGEN 


REFERENCES 


CSP 


13, 14, 29, 32, 41, 55 
66, 69, 78, 85, 87,91,99, 114 


SSP2 


1, 13, 14, 29, 55, 56, 86, 104, 1 1 1, 1 12 


Expl/Hep-17 


15, 16, 27, 28, 29 


P/LSA1 


29 and 44 


P/LSA3 


22 



\ 
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Table B 

RBC Stage Antigens 



AIM 1 lvjrJtLrN 




A /TOT) 1 


7, 10, 12, 20, 34, 35, 46, 35, 59, 65, 95, 96 


MSP-2 


1 /t 1 *~1 OA 01 OO 

3, 4, 17, 80, 81, 88 


MSP-3 


72 and 73 






MSP-5 


7 


AMA1 


5, 18, 19, 24, 25, 101, 102 


EBA175 region II 


97 and 98 


SERA 


26, 48, 49, 76, 77 


RAP2 


39, 76, 84, 89 



[064] The "circumsporozoite protein" or "CSP" is the major surface Polypeptide 
on the surface of Malaria sporozoites. The CSP from Plasmodium falciparum (iyCSP) 
strain 7G8 has been cloned, sequenced and expressed (21). Other CSPs from other malaria 
parasites have also been characterized and are contained in Table A. 

[065] "RTS,S," as used herein, refers to a particular malaria antigen and represents 
one embodiment of the instant invention. RTS,S and its production is more fully described 
in United States Patent No. 5,928,902 and international patent application WO 93/10152, 
which are both incorporated herein by reference. 

[066] "Broadening" refers to increasing the repertoire of T cell responses. In this 
case, a broader repertoire of IFN-y-producing T cells (Tel and Thl) was induced by DNA- 
priming/RTS,S boost, since immunization/priming with DNA initiated both CD4 + T cell- 
dependent CD8 + type 1 (Tel) and CD4 + type 1 (Thl) IFN- y responses, whereas RTS,S 
alone induced only CD4 + T cell-dependent Thl IFN- y responses. A skilled artisan may 
detect a broadened immune response by using antigen-specific detection assays. For 
example, a skilled artisan may use an ELISPOT, MHC tetramer staining, or chromium 
release CTL assays to determine the repertoire of T cells. 

[067] "Broadening" also refers to increasing the range of epitopes to which an 
immune response will react. In addition to the immune cells initially primed, immune cells 
that were either not primed or in such small number as not to be detectable are also induced 
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to expand and activate. Thus, a broadened immune response not only amplifies the 
originally primed response, it also contains responses to new epitopes that were not a part of 
the primary response. A skilled artisian may detect a broadened immune response by using 
antigen-specific detection assays. For example, a skilled artisan may use an ELISPOT or 
MHC tetramer staining to determine the repertoire of epitopes to which the primary immune 
response reacts and comparing that range to the repertoire of epitopes to which the 
secondary immune response reacts. If the secondary immune response reacts to a greater 
number of epitopes than the primary immune response, the secondary immune response has 
been broadened. 

[068] "CD8+ T cells" represent a class of T lymphocytes characterized by the 
possession of the CD8 cell surface marker. CD8+ T cells are MHC Class I- restricted 
"CTLs" or "suppressor T cells." 

[069] "CD4+ T cells" represent a class of T lymphocytes characterized by the 
possession of the CD4 cell surface marker. CD4+ T cells are MHC Class II-restricted T 
lymphocytes. There are two types of CD4+ T cells referred to as type 1 or type 2 "helper T 
cells." 

[070] As discussed above, an immune response is generated to an antigen through 
the interaction of the antigen with the cells of the immune system. The resultant immune 
response may be broadly distinguished into two extreme catagories, being humoral or cell 
mediated immune responses (traditionally characterised by antibody and cellular effector 
mechanisms of protection, respectively). These categories of response have been termed 
Thl-type responses (cell-mediated response), and Th2-type immune responses (humoral 
response). Extreme Thl-type immune responses may be characterised by the generation of 
antigen-specific, haplotype-restricted CTLs, and natural killer cell responses. In mice, Thl- 
type responses are often characterised by the generation of antibodies of the IgG2a subtype, 
while in the human these correspond to IgGl type antibodies. Th2-type immune responses 
are characterized by the generation of a broad range of immunoglobulin isotypes including 
in mice IgGl, IgA, and IgM. 

[071] The driving force behind the development of these two types of immune 
responses is cytokines, a number of identified protein messengers which serve to help the 
cells of the immune system and steer the eventual immune response to either a Thl or Th2 
response. Thus, high levels of Thl-type cytokines tend to favor the induction of cell 
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mediated immune responses to the given antigen, while high levels of Th2-type cytokines 
tend to favor the induction of humoral immune responses to the antigen. It is important to 
remember that the distinction of Thl and Th2-type immune responses is not absolute. In 
reality, an individual will support an immune response which is described as being 
predominantly Thl or predominantly Th2. However, it is often convenient to consider 
the families of cytokines in terms of that described in murine CD4+ T cell clones by 
Mosmann and Coffman (70). Traditionally, Thl-type responses are associated with the 
production of the INP-y and IL-2 cytokines by T-lymphocytes. Other cytokines often 
directly associated with the induction of Thl-type immune responses are not produced by 
T-cells, such as IL-12. In contrast, Thl- type responses are associated with the secretion 
of IL-4, IL-5, IL-6, IL-10 and tumour necrosis factor-p(TNF-P). 

[072] Suitable adjuvants for use in the invention include an aluminium salt such 
as aluminium hydroxide gel (alum) or aluminium phosphate, but may also be a salt of 
calcium, iron or zinc, or may be an insoluble suspension of acylated tyrosine, or acylated 
sugars, cationically or anionically derivatised polysaccharides, polyphosphazenes, or 
montanide liposomes. 

[073] In the formulation of vaccines for use in the invention, in the context of the 
P/CSP plasmid, an adjuvant may or may not be administered. In the case of RTS,S, the 
adjuvant composition may induce a preferential Thl response. Moreover, other 
responses, including other humoral responses, may also be induced. 

[074] Certain vaccine adjuvants are particularly suited to the stimulation of either 
Thl or Th2 - type cytokine responses. Traditionally, the best indicators of the Thl:Th2 
balance of the immune response after a vaccination or infection includes direct 
measurement of the production of Thl or Th2 cytokines by T lymphocytes in vitro after 
restimulation with antigen, and/or the measurement of the IgGl:IgG2a ratio of antigen 
specific antibody responses. Thus, a Thl-type adjuvant is one which stimulates isolated 
T-cell populations to produce high levels of Thl-type cytokines when re-stimulated with 
antigen in vitro, and induces antigen specific immunoglobulin responses associated with 
Thl-type isotype. For example, Thl-type immunostimulants which may be formulated to 
produce adjuvants suitable for use in the present invention may include Monophosphoryl 
lipid A, in particular 3-de-O-acylated monophosphoryl lipid A (3D-MPL). 3D-MPL is a 
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well known adjuvant manufactured by Ribi Immunochem, Montana. Chemically it is 
often supplied as a mixture of 3-de-O-acylated monophosphoryl lipid A with either 4, 5, 
or 6 acylated chains. It can be purified and prepared by the methods taught in GB 
2122204B, which reference also discloses the preparation of diphosphoryl lipid A, and 3- 
O-deacylated variants thereof. Other purified and synthetic lipopolysaccharides have been 
described (US Pat. 6,005,099, 42, 43 ,EP 0 729 473 Bl, EP 0 549 074 Bl). In one 
embodiment, 3D-MPL is in the form of a particulate formulation having a small particle 
size less than 0.2)Lim in diameter, and its method of manufacture is disclosed in EP 0 689 
454. 

[075] Saponins are another example of Thl immunostimulants that may be used 
with the invention. Saponins are well known adjuvants (60). For example, Quil A 
(derived from the bark of the South American tree Quillaja Saponaria Molina), and 
fractions thereof, are described in US Pat. 5,057,540, EP 0 362 279 Bl, and in Kensil 
(52). The haemolytic saponins QS21 and QS17 (HPLC purified fractions of Quil A) have 
been described as potent systemic adjuvants, and the method of their production is 
disclosed in US Pat. 5,057,540 and EP 0 362 279 Bl. Also described in these references 
is the use of QS7 (a non-haemolytic fraction of Quil-A) which acts as a potent adjuvant for 
systemic vaccines. Use of QS21 is further described in Kensil et al. (51). Combinations 
of QS21 and polysorbate or cyclodextrin are also known (WO 99/10008). Particulate 
adjuvant systems comprising fractions of QuilA, such as QS21 and QS7 are described in 
WO 96/33739 and WO 96/11711. 

[076] Yet another example of an immunostimulant is an immunostimulatory 
oligonucleotide containing unmethylated CpG dinucleotides ("CpG"). CpG is an 
abbreviation for cytosine-guanosine dinucleotide motifs present in DNA. CpG is known 
in the art as being an adjuvant when administered by both systemic and mucosal routes 
(WO 96/02555, EP 468520, 23, 68). Historically, it was observed that the DNA fraction 
of bacillus Calmette-Guerin (BCG) could exert an anti-tumor effect. In further studies, 
synthetic oligonucleotides derived from BCG gene sequences were shown to be capable of 
inducing immunostimulatory effects (both in vitro and in vivo). The authors of these 
studies concluded that certain palindromic sequences, including a central CG motif, 
carried this activity. The central role of the CG motif in immunostimulation was later 
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elucidated by Krieg (57). Detailed analysis has shown that the CG motif has to be in a 
certain sequence context, and that such sequences are common in bacterial DNA but are 
rare in vertebrate DNA. The immunostimulatory sequence is often: Purine, Purine, C, 
G, pyrimidine, pyrimidine; wherein the CG motif is not methylated, but other 
unmethylated CpG sequences are known to be immunostimulatory and may be used in the 
present invention. 

[077] In certain combinations of the six nucleotides, a palindromic sequence may 
be present. Several of these motifs, either as repeats of one motif or a combination of 
different motifs, can be present in the same oligonucleotide. The presence of one or more 
of these immunostimulatory sequences containing oligonucleotides can activate various 
immune subsets, including natural killer cells (which produce interferon y and have 
cytolytic activity) and macrophages (Wooldrige et al., 1977). Other unmethylated CpG 
containing sequences not having this consensus sequence have also now been shown to be 
immunomodulatory. When formulated into vaccines, CpG is generally administered in 
free solution together with free antigen (WO 96/02555, 68) or covalently conjugated to an 
antigen (WO 98/16247), or formulated with a carrier such as aluminium hydroxide 
.(Hepatitis surface antigen) (9, 23). 

[078] Such immunostimulants as described above may be formulated together 
with carriers, such as, for example, liposomes, oil in water emulsions, and or metallic 
salts, including aluminium salts (such as aluminium hydroxide). For example, 3D-MPL 
may be formulated with aluminium hydroxide (EP 0 689 454) or oil in water emulsions 
(WO 95/17210); QS21 may be advantageously formulated with cholesterol containing 
liposomes (WO 96/33739), oil in water emulsions (WO 95/17210) or alum (WO 
98/15287); CpG may be formulated with alum (9, 23) or with other cationic carriers. 

[079] Combinations of immunostimulants may also be used, such as a 
combination of a monophosphoryl lipid A and a saponin derivative (WO 94/00153; WO 
95/17210; WO 96/33739; WO 98/56414; WO 98/05355, WO 99/12565; WO 99/11241) 
or a combination of QS21 and 3D-MPL as disclosed in WO 94/00153. Alternatively, a 
combination of CpG plus a saponin such as QS21 may also be used in the present 
invention. Thus, suitable adjuvant systems include, for example, a combination of 
monophosphoryl lipid A, such as 3D-MPL, together with an aluminium salt. Another 
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embodiment combines a monophosphoryl lipid A and a saponin derivative, such as the 
combination of QS21 and 3D-MPL as disclosed in WO 94/00153, or a less reactogenic 
composition where the QS21 is quenched in cholesterol containing liposomes (DQ) as 
disclosed in WO 96/33739. Yet another adjuvant formulation involving QS21, 3D-MPL 
and tocopherol in an oil in water emulsion is described in WO 95/17210. In another 
embodiment, CpG oligonucleotides are used alone or together with an aluminium salt. 
Examples of additional adjuvant and/or carrier combinations include: 3D-MPL + QS21 in 
DQ; Alum + 3D-MPL; Alum + QS21 in DQ + 3D-MPL; Alum + CpG; 3D-MPL + 
QS21 in DQ + oil in water emulsion; and CpG. 

[080] In another embodiment, 3D-MPL and QS21 are combined, with or without 
CpG. The ratio of QS21:3 D-MPL maybe in the order of 1:10 to 10:1; 1:5 to 5:1; or 1:1. 
In one embodiment, the ratio is 2.5:1 to 1:1 D MPL:QS2 1. Typically for human 
administration QS21 and 3D MPL will be present in a vaccine in the range 1 pig - 200 4g, 
such as l-1004g, or 10 ~Lg - 50 ~tg per dose. Typically the oil in water will comprise from 
2 to 10% squalene, from 2 to 10% alpha tocopherol and from 0.33 to 3% tween 80. The 
ratio of squalene: alpha tocopherol is equal or less than 1 as this provides a more stable 
emulsion. Span 85 may also be present at a level of 1%. In some cases it may be 
advantageous that the vaccines of the present invention will contain a stabilizer. 

[08 1] Adjuvants for use with the polypeptide boosting vaccine according to the 
invention comprising the CS protein or an immunogenic portion thereof, optionally in a 
hybrid protein such as RTS,S, may comprise a combination of 3D-MPL and QS21 with or 
without CpG. 

[082] Both the foregoing general description and the following detailed description 
are exemplary and explanatory only and are not restrictive of the invention, as claimed. 
Moreover, the invention is not limited to the particular embodiments described, as such 
may, of course, vary. Further, the terminology used to describe particular embodiments is 
not intended to be limiting, since the scope of the present invention will be limited only by 
its claims. 

[083] With respect to ranges of values, the invention encompasses each intervening 
value between the upper and lower limits of the range to at least a tenth of the lower limit's 
unit, unless the context clearly indicates otherwise. Further, the invention encompasses any 
other stated intervening values. Moreover, the invention also encompasses ranges 
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excluding either or both of the upper and lower limits of the range, unless specifically 
excluded from the stated range. 

[084] Unless defined otherwise, the meanings of all technical and scientific terms 
used herein are those commonly understood by one of ordinary skill in the art to which this 
invention belongs. One of ordinary skill in the art will also appreciate that any methods and 
materials similar or equivalent to those described herein can also be used to practice or test 
the invention. Further, all publications mentioned herein are incorporated by reference. 

[085] It must be noted that, as used herein and in the appended claims, the singular 
forms "a," "or," and "the" include plural referents unless the context clearly dictates 
otherwise. Thus, for example, reference to "a subject polypeptide" includes a plurality of 
such polypeptides and reference to "the agent" includes reference to one or more agents and 
equivalents thereof known to those skilled in the art, and so forth. 

[086] Further, all numbers expressing quantities of ingredients, reaction conditions, 
% purity, polypeptide and polynucleotide lengths, and so forth, used in the specification and 
claims, are modified by the term "about," unless otherwise indicated. Accordingly, the 
numerical parameters set forth in the specification and claims are approximations that may 
vary depending upon the desired properties of the present invention. At the very least, and 
not as an attempt to limit the application of the doctrine of equivalents to the scope of the 
claims, each numerical parameter should at least be construed in light of the number of 
reported significant digits, applying ordinary rounding techniques. Nonetheless, the 
numerical values set forth in the specific examples are reported as precisely as possible. 
Any numerical value, however, inherently contains certain errors from the standard 
deviation of its experimental measurement. 

[087] The following examples farther illustrate the invention. They are merely 
illustrative of the invention and disclose various beneficial properties of certain 
embodiments of the invention. The following examples should not be construed as limiting 
the invention. 

EXAMPLES 

EXAMPLE 1 

Boosting the Primed Anti-P/CSP Response with the RTS.S Vaccine 

[088] Twenty-four HLA-A*0201-positive volunteers were recruited for this study. 
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The HLA diversity of the volunteers was restricted to the most common HLA Class I sub- 
type in this population in order to permit intergroup comparisons of genetically restricted T 
cell responses. None of these volunteers were previously exposed to malaria. Of these 24 
individuals, 10 participated in the second P/CSP vaccine clinical trial described above. 
During that trial, these volunteers had received a total of three doses of the P/CSP DNA 
vaccine (VCL-2510, manufactured by Vical, Inc (San Diego, CA) as described previously 
(62)), given as 2500 |ug per dose at 4-week intervals (62). Thus, in this trial, these 10 
volunteers received their last dose of the DNA vaccine 12 to 14 months prior to receiving 
the boosting RTS,S vaccine. The remaining fourteen volunteers had not previously 
received the P/CSP DNA vaccine and were thus used as non-primed controls. All 24 
volunteers were negative for antibodies to P/CSP, HIV, HBV core antigen, HCV, Vaccinia 
Virus, and dsDNA prior to immunization with both the ZyCSP DNA vaccine and the RTS,S 
vaccine. Six of the 10 DNA-primed volunteers and 8 of the 14 non-primed controls were 
positive for antibodies to HBsAg. 

[089] All 24 volunteers received two injections of RTS,S vaccine at 0 and 8 weeks 
by intramuscular injection in the left deltoid. The RTS,S vaccine contained amino acids 
207 to 395 of Plasmodium falciparum (NF54/3D7) CSP protein fused to hepatitis B surface 
antigen (HBsAg) (8). Briefly, the RTS,S protein is a hybrid protein comprising 
substantially all the C-terminal portion of the CS protein, four or more tandom repeats of 
the immunodominant region, and HBsAg. For a general description of preparing RTS,S, 
see WO 93/10152 and US Pat. 5,928,902, which are incorporated herein by reference. 

[090] The resulting recombinant RTS,S protein was expressed in yeast (99) and 
was combined with the immune stimulants monophosphoryl lipid A and QS21 in an oil-in- 
water emulsion (Glaxo SmithKline Inc, Rixensart, Belgium) to make the RTS,S vaccine. 
Specifically, the lyophilized formulation contained an RTS,S pellet and an adjuvant diluent. 
The pellet contained RTS,S (50 |ug) and lactose (3.15%) as a cryoprotectant. The adjuvant 
diluent contained MPL (SOjug), QS-21 (50 (ag), and an oil/water emulsion. The resulting 
vaccine formulations contained 50 jug of RTS,S in a 1 ml volume of emulsion and were 
prepared 30 minutes before injection. Three HLA-mismatched volunteers did not receive 
the P/CSP DNA vaccine or RTS,S vaccine. Samples from these three volunteers were used 
as negative controls in the assays. One volunteer in the non-primed group withdrew from 
the study after the first immunization. 
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[091] There were a number of T cell epitopes contained in the upstream region of 
the full-length P/CSP sequence, included in the P/CSP DNA vaccine, which were not 
present in the RTS,S vaccine. But there was enough overlap between the two vaccines to 
justify administering the RTS,S vaccine as a potential "boosting" vaccine to the volunteers 
previously immunized with the P/CSP DNA vaccine. Specifically, RTS,S includes a 
portion of P/CSP containing a highly conserved region of 19 NANP repeats and the carboxy 
terminus of CSP fused to the hepatitis B virus surface antigen (HBsAg) coexpressed in 
yeast with unfused HBsAg (36). The full length CS protein of the P/CSP vaccine contains 
9 T cell epitopes while RTS,S contains 5 T cell epitopes (61). Four of the RTS,S epitopes 
are present in the P/CSP vaccine. 

[092] Examples 2-7 detail the analyses that were subsequently performed on blood 
samples taken from each of the volunteers. Briefly, T cell responses were studied at 12-14 
months after the last dose of P/CSP DNA vaccine for those volunteers who received 
priming with the P/CSP DNA vaccine and at 1, 2, and 6 weeks after the first and second 
dose of RTS,S vaccine for all volunteers. Antibodies were tested pre-immunization and at 
2, 4, 6, and 8 weeks after each dose of RTS,S vaccine. 

EXAMPLE 2 
CTL Responses 

[093] As discussed above, immunization with the RTS,S vaccine alone induces 
antibody and CD4 + T cell-dependent IFN- y responses in humans, but has not been reported 
to elicit antigen-specific CTLs in humans (61). To determine whether DNA-induced 
memory CTLs could be recalled by boosting with the RTS,S vaccine and whether the 
boosted response was broader than the original DNA primed response, the cytotoxic activity 
of antigen-specific CTLs in different volunteers was assessed. Peripheral blood 
mononuclear cells (PBMCs) were collected from the blood of DNA-primed or non-primed 
volunteers 1-2 weeks before immunization with RTS,S, and 1 or 2 weeks after the first 
and/or second doses of RTS,S. These PBMCs were then used in a chromium release assay, 
which detects the lysis of antigen-presenting target cells (105). 

[094] The in vitro chromium release assays were performed as previously 
described (105). Specifically, to generate effector cells, 20% of the total PBMCs were 
infected with ALVAC expressing the PfCSP (vCP182) at 5 pfu/cell for 90 min at 37°C. 
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After washing twice, these PBMCs were combined with the remaining PBMCs, and 
cultured for 7-10 days. Recombinant human IL-2 (Cetus, Emeryville, CA) was added after 
48 houirs (20 U/ml). Target cells were autologous or MHC-mismatched PHA blasts that 
were sensitized overnight with PfCSP-specific CTL epitopes or control peptide at 10 \ig/m\. 
The CTL activity was assessed by a conventional 6-hour chromium release assay. Percent 
lysis was defined as (experimental release - medium control release)/(maximum release - 
medium control release) x 100. Percent specific lysis was determined by subtracting the 
percent lysis of targets cultured with the negative control HIV gag A2-restricted peptide 
from the percent lysis of targets incubated with the experimental peptide. CTL responses 
were considered positive only if the percent specific lysis post-immunization was > 10% for 
at least two effector: target (E:T) ratios in the same assay and if percent specific lysis pre- 
immunization was < 10%. 

[095] Synthetic peptides, at 80-95% purity, were used for sensitization of CTL 
targets and were obtained from Chiron Technologies (Clayton Victoria, Australia). Eight 
peptides derived from P/CSP and included in RTS,S sequence were used. These eight 
peptides included 4 defined CTL MHC class I-restricted epitopes, that were 9-10 amino 
acids long. The 4 CTL epitopes were restricted by HLA-A*0201 (peptide A2.319; amino 
acid residues 319-327, YLNKIQNSL; SEQ. ID. NO. 1 ), -A*0101 (peptide A1.310; a.a. 
residues 310-319, EPSDKHIKEY; SEQ. ID. NO. 2), -A*0301 (peptide A3/11.336; a.a. 
residues 336-345, VTCGNGIQVR; SEQ. ID. NO. 3), and-B*3501 (peptide B35.353; a.a. 
residues 353-360, KPKDELDY; SEQ. ID. NO. 4). The other four peptides were DR- 
binding peptides DR.316 (a.a. residues 316-335, IKEYLNKIQNSLSTEWSPCS; SEQ. ID. 
NO. 5), DR.318 (a.a. residues 318-332, EYLNKIQNSLSTEW; SEQ. ID. NO. 6), DR.363 
(a.a, residues 363-383, DIEKKICKMEKCSSVFNWNS; SEQ. ID. NO. 7), and DR.346 
(a.a. residues 346-365, IKPGSANKPKDELDYANDIE; SEQ. ID. NO. 8), which were 15- 
20 amino acids long as described previously (107). A pool of 13 P/CSP-derived peptides 
and a pool of 20 HBsAg-derived peptides, 15 amino acids in length, were provided by 
Glaxo SmithKline hie (Rixensart, Belgium). The amino acid sequences of the the 13 PfCSP 
peptides were as follows: NEEPSDKHIKEYLNK (SEQ. ID. NO. 9), 
DKHIKEYLNKIQNSL (SEQ. ID. NO. 10), EYLNKIQNSLSTEWS (SEQ. ID. NO. 11), 
IQNSLSTEWSPCSVT (SEQ. ID. NO. 12), STEWSPCSVTCGNGI (SEQ. ID. NO. 13), 
PCSVTCGNGIQVRIK (SEQ. ID. NO. 14), CGNGIQVRIKPGSAN (SEQ. ID. NO. 15), 
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QVRIKPGSANKPKDE (SEQ. ID. NO. 16), PGSANKPKDELDYEN (SEQ. ID. NO. 17), 
KPKDELDYENDIEKK (SEQ. ID. NO. 18), LDYANDIEKKICKME (SEQ. ID. NO. 19), 
DIEKKICKMEKCSSVF (SEQ. ID. NO. 20), and ICKMEKCSSVFNWN (SEQ. ID. NO. 
21). Peptides derived from the influenza matrix protein (residue 58-66, GILGFVFTL, 
HLA-A2.1; SEQ. ID. NO. 22), or tetanus toxin universal T helper epitope P30 (residue 947- 
969, FNNFTVSFWLRVPKVSASHLET, DR- and DP-restricted; SEQ. ID. NO. 23) were 
used as positive controls (74). Peptides from HIV gag protein (residue 77-85, 
SLYNTVATL, HLA-A2.1 restricted; SEQ. ID. NO. 24), or P. falciparum protein, Exp-1 
(residue 82-96, sequence AGLLGNVSTV LLGGV, DR restricted; SEQ. ID. NO. 25) were 
used as negative controls. 

Recalling DNA-induced memory CTLs by boosting with RTS,S 

[096] No CTLs were detected in DNA-primed or non-primed volunteers 
immediately prior to administration of the RTS,S vaccine. No CTL responses were detected 
in any of the 14 non-primed volunteers who received the RTS,S vaccine alone. Antigen- 
specific and genetically restricted CTL responses were detected in 5/10 DNA-primed 
volunteers (Fig. lc). One of 5 responders had CTLs (V6) one week after the first dose, and 
the others had CTLs after the second dose of RTS,S. The frequency of CTL responses 
(7/113 assays, 6.2%) was significantly greater in the DNA-primed (P = 0.0047) as 
compared to non-primed volunteers (0/125 assays, 0%). The frequency of CTL responses 
was comparable to that observed after DNA immunization alone among the 15 volunteers 
who received 3 doses of P/CSP DNA vaccine 12-14 months previously (30/458 assays, 
6.6%) (107). 

[097] The magnitude of CTLs in the volunteers who had been primed with DNA 
and boosted with RTS,S (range of percent specific lysis [geomean]: 1 1 .4-28.1 [15.4]) was 
also in the same range as that induced by DNA immunization alone (10.5-90.0 [15.6]). The 
RTS,S vaccine did not contain the CD8+ T cell epitopes associated with the highest 
prevalence of response in two previous studies (105, 107). 

[098] CTL responses to all 4 of the defined P/CSP-specific MHC class I-restricted 
epitopes, present in the RTS,S sequence, were detected. Of 5 CTL positive responders, 4 
had CTLs to the HLA-A2-restricted epitope A2.3 19, one responded to the HLA-A1- 
restricted epitope A1.310 (V2), and 2/4 A2.319 responders also responded to the HLA-A3- 
and HLA-B7-restricted epitopes, A3.336 (V8), and B7.285 (V9) respectively. There were 
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no detectable CTLs directed against the reported CD4 + CTL epitope DR.318 (sequence 
E YLNKIONSL STEWS; SEQ. ID. NO. 26) that contains the CD8 + CTL epitope A2.319 
(underlined) (69). There was also no detectable CTL activity in the 14 volunteers who had 
not received P/CSP DNA, but who did receive 2 doses of the RTS,S vaccine. The lack of 
CTL activity in these volunteers accords with previous studies that showed this vaccine 
alone was unable to induce CD 8+ T cell activity (i.e., CTL activity). 

[099] Among the 5 DNA-primed volunteers who had positive CTL responses after 
boosting with the RTS,S vaccine, 3 did not have previously detectable CTL activity against 
the same epitopes when tested 2 and 6 wks after the second and third doses of P/CSP DNA 
immunization (107), approximately one year prior to the RTS,S boost. In contrast, two of 
the five volunteers previously had detectable CTL activity against peptides included within 
RTS 5 S after DNA immunization alone. These two volunteers did not respond to the RTS,S 
boost. 

The RTS,S Boosted CTL Response is Broader than the DNA Primed CTL Response 

[0100] Of the 5 DNA-primed volunteers who had positive CTL responses after 
boosting with the RTS,S vaccine, three of them (V3, V6, and V8) responded to epitopes 
after RTS,S boosting that had not been responded to after DNA priming. Specifically, CTL 
responses were considered positive only if the percent specific lysis post-immunization was 
> 10% over the background of both negative controls (MHC+control and non- 
MHC+peptide). In V3 and V6, there was no CTL response to epitope A2.3 19 after DNA 
priming with the P/CSP vaccine (Figs, la and lb). After boosting with RTS,S, however, 
both volunteers did show a CTL response to this epitope (Fig. lc). V8 did not have CTL 
responses to epitopes A2.319 and A3.336 after DNA priming, yet after boosting this primed 
volunteer with RTS,S vaccine, CTL responses to these epitopes appeared (Figs, la, lb, and 
lc). 

[0101] As discussed above, those in the art did not consider protein-based vaccines 
to be effective at stimulating CTL responses. Likewise, RTS,S, a protein-based vaccine, 
was heretofore considered ineffective at stimulating CD8+ T cell responses (61). In 
contrast to what was known, the above data clearly demonstrate that after DNA priming 
RTS,S can stimulate CTL responses to new CTL epitopes. 

[0102] The frequency and magnitude of peptide-specific IFN-y (below) and CTL 
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responses was analyzed using the Chi Squared test, Fisher's exact test (two-tailed), or the 
Student's t-test (two-tailed). The t-test for paired sample was used for comparing the 
proportion of IFN- y mRNA expression levels in T cell subpopulations. The level of 
significance was a p value < 0.05. 

EXAMPLE 3 
T Cell IFN-y Responses to P/CSP 

[0103] IFN-y responses were evaluated by standard ELISPOT assays as follows. 
The number of P/CSP-specific IFN-y-producing cells was determined by ELISPOT after 36 
h in vitro stimulation in the presence of 10 |ng/ml of peptides as previously described (107). 
The number of spots corresponding to cytokine producing cells in wells (spot forming cells; 
SFCs) were enumerated with an automated spot counting system (Scanalytics, Fairfax, VA). 
Responses were expressed as the mean number of SFCs/10 6 PBMCs, and were considered 
significant if 1) the mean number of cells in wells with experimental peptide was 
significantly greater (p < 0.05, student's T test) than in wells with control peptide; 2) the net 
SFCs/well (mean SFCs in experimental peptide wells minus the mean SFCs in control 
peptide wells) was > 5 SFCs/well; and 3) stimulation index (the ratio of mean SFCs in 
experimental peptide wells to mean SFCs in control peptide wells) was greater than 2.0. 
Furthermore, if cells obtained prior to immunization had a positive response to a P/CSP- 
specific peptide as defined above, the response to the same peptide after the immunization 
was not considered positive. 

[0104] As used herein, the "frequency of positive responders" in an IFN-y ELISPOT 
is the number of volunteers that test positive for a particular peptide divided by the total 
number of volunteers in the test group. The "frequency of positive IFN-y ELISPOT assays" 
is the number of positive reactions to a peptide divided by the total number of tests run on 
that peptide. For example, if 6 peptides are tested in each of 10 volunteers, the total number 
of tests is 60. If 36 of those tests are positive, then the frequency of positive assays is 36 out 
of 60. The "magnitude of an IFN-y response" is indicated by the number of SFCs per one 
million PBMCs. 

[0105] PBMCs, isolated 1-2 weeks prior to, and 1, 2, and 6 weeks after, the first and 
second doses of the RTS,S vaccine were used in the ELISPOT assay. In these assays, 
PBMCs were incubated with 8 defined P/CSP peptides, as discussed in Example 2, (four 9 
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amino acid peptides containing HLA class I-restricted epitopes, and four 15-20 amino acid 
peptides, each of which included a class II-restricted epitope, and three of which also 
contained a class I restricted epitope) and a pool of 13 P/CSP peptides which are included in 
the RTS ? S sequence. These peptides are also discussed in further detail in Example 2 
above. 

[0106] DNA-primed or non-primed volunteers had no detectable P/CSP-specific 
IFN-y responses prior to RTS ? S immunization. There were no IFN-y responses detected at 
any time after immunization in assays using only the 9 amino acid peptides having 
containing only MHC class I restricted epitopes. These are the same peptides discussed in 
Example 2. After the first dose, positive IFN-y responses were detected for all four 15-20 
amino acid P/CSP peptides in 6 of 10 DNA-primed volunteers compared to one such 
peptide in 2 of 14 non-primed volunteers (p = 0.019) (Table 1). Positive responders are 
those who responded to at least one of the four peptides. Moreover, responders in the 
primed group responded to all four peptides tested while the responders in the non-primed 
group responded to only one of the four peptides tested. The frequency of responses was 
significantly greater in DNA-primed as compared with non-primed volunteers (positive 
assays/total assays: 20/116 [18.1%] vs. 4/164 [2.4%], p = 0.00001) regardless of the 
individuals' HBsAg Ab status (Table 1). 

Table 1 Overall frequency and magnitide of IFN-Y responses to PfCSP-specific peptides 



number of responders/number tested number of positive assays/total assays (%) range of net SFCs/1 0 6 PBMCs (geomean) 



Group 


DNA-primed 
volunteers 


non-primed 
volunteers 


DNA-primed 
volunteers 


non-primed 
volunteers 


P value between 
two groups 


DNA-primed 
volunteers 


non-primed 
volunteers 


after first immunization 














HBsAg (+) 


4/6 (66.7) 


2/8 (25.0) 


13/69(18.8) 


4/95 (4.2) 


0.001 


13,1-105.5 (38.5) 


20.0-63.1 (39.6) 


HBsAg(-) 


2/4 (50.0) 


0/6 (0) 


7/47 (14.9) 


0/69 (0) 


0.0009 


13.8-82.5(32.7) 


neg 


Total 


6/10 (60.0)* 


2/14 (14,3)* 


20/116(18.1) 


4/164(2.4) 


<0.00001 


13.1-105.5 (36.3) 


20.0-63.1 (39.6) 


after second immunization 














HBsAg (+) 


5/6 (83.0) 


6/8 (75.0) 


23/72(31.9) 


11/84(13.1) 


0.0078 


11.9-82.5 (32.1) 


14,4-96.9 (37.8) 


HBsAg (-) 


3/4(75.0) 


6/6(100.0) 


18/48 (37.5) 


29/72 (40.3) 


0.76 


11.7-122.5 (33.4) 


17.5-125.6(41.0) 


Total 


8/10 (80.0) 


11/14(84.6) 


41/120 (34.2) 


40/156(25.6) 


0.12 


11.7-122.5 (32.6) 


14.4-125.6 (39.6) 


overall 
















HBsAg (+) 


5/6 (83.0) 


6/8 (75.0) 


36/141 (25.5) 


15/179 (8.4) 


0.00003 


11.9-105.0(34.3) 


14.4-96.9 (38.1) 


HBsAg (-) 


3/4 (75.0) 


6/6 (100.0) 


25/95 (26.3) 


29/141 (20.6) 


0.3 


11.7-122.5 (33.2) 


17.5-125.6(41.0) 


Total 


8/10 (80.0) 


11/14(84.6) 


61/238 (25.6) 


44//320 (13.8) 


0.0004 


11.7-122.5 (33.9) 


14.4-125.6 (39.6) 



* after the first immunization, number of positive responders in DNA-primed volunteers was 
significantly greater than that in non-printed volunteers (6/10 vs. 2/14, p=0.019) 



[0107] After the second dose of the RTS,S vaccine, IFN-y responses were detected 
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in 8 of 10 DNA-primed volunteers and in 11 of 14 non-primed volunteers (Table 1). 
Although there was no difference between the two groups in terms of number of responders 
after the second dose of the RTS,S vaccine (see number of positive assays/total assays (%)), 
there was a statistically significantly greater number of overall positive assays among the 
DNA-primed as compared to the non-primed volunteers (positive assays/total assays, 
61/238 [25.6%] vs. 44/320 [13.8%], p = 0.0004) (Table 1). This difference in numbers of 
overall positive assays was directly related to the HbS Ag antibody status of the volunteers 
as evidenced by the frequency of positive assays. The number of positive assays was 
significantly greater in DNA-primed than in non-primed volunteers among HBsAg 
antibody-positive individuals (23/72 [31.9%] vs. 11/84 [13.1%], p = 0.0078), but not in 
HbsAg antibody negative individuals (37.5% vs. 40.3% positive assays) after the second 
RTS,S immunization. 

[0108] At the epitope level, IFN-y responses against peptides DR.316, DR.318, and 
DR.363 were compared between the DNA-primed and non-primed groups. DR. 3 16 and 
DR.318 contain overlapping CD4 + and CD8 + T cell epitopes while DR.363 contains only a 
CD4 + T cell epitope (107). 

[0109] As set forth in Table 2, IFN- y responses against peptide DR.316 were 
detected in 4 of 10 DNA-primed as compared to 0 of 14 in non-primed volunteers after the 
first dose of the RTS,S vaccine (p = 0.0095), and in 6 of 10 DNA-primed compared to 5 of 
13 in non-primed volunteers after the first and second doses of the RTS,S vaccine (p = 
0.35). When all assays were considered overall (after the first and second doses of the 
RTS,S vaccine), the DNA primed group had a greater frequency of positive assays (positive 
assays/total assays, 17/60 vs. 8/81, p = 0.0046), but there was no difference in the 
magnitude of IFN- y responses (range of SFCs: 11.9-106.3 [33.0] vs. 17.5-58.1 [28.4], p = 
0.21). 
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Table 2 Frequency of IFN-y responses against PfCSP at the epitope level 

number of responders/number tested (%) number of positive assays/total assays (%) 
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after second immunization 














DNA-primed 


5/10 (50.0) 


6/10 (60) 


2/10 (20) 


11/30(36.7) 


10/30 (33.3) 


4/30(13.3) 


Non-primed 


5/13 (38.5) 


1/13 (7.7) 


7/13 (54) 


8/39 (20.5) 


1/39 (20.5) 


16/39(41.0) 


P value 


0.58 


0.0069 


0.099 


0.136 


0.00054 


0.012 


overall 














DNA-primed 


6/10 (60) 


6/10 (60) 


4/10(40) 


17/60 (28.3) 


14/60 (23.3) 


8/60 (13.3) 


Non-primed 


5/13 (38.5) 


1/13 (7.7) 


9/14 (64) 


8/81 (9.9) 


1/81 (1.2) 


18/81 (22.2) 


P value 


0.35 


0.0069 


0.24 


0.0046 


< 0.00003 


0.178 



[0110] Also, as shown in Table 2, IFN- y responses against peptide DR.318, which 
does not contain the first two amino acids of peptide DR.316, were detected in 3 of 10 
DNA-primed compared to 0 of 14 in non-primed volunteers after the first dose of the RTS,S 
vaccine (p=0.028), and in 6 of 10 DNA-primed compared to 1 of 13 in non-primed 
volunteers after the first and second doses of the RTS,S vaccine (p =0.0069 ). ELISPOT 
assays performed after the first and second doses of the RTS, S vaccine overall showed that 
the DNA primed group had a greater frequency of positive assays (positive assays/total 
assays, 14/60 vs. 1/81, p < 0.00003). Given that there was only a single response to this 
peptide in the group that only received the RTS,S vaccine, it was impossible to compare 
magnitude of responses. 

[01 1 1] IFN-y responses against peptide DR.363, which does not contain a known 
CD8+ T cell epitope, were detected in 3 of 10 DNA-primed compared to 2 of 14 in non- 
primed volunteers after the first dose of the RTS,S vaccine (p=0.35), and in 4 of 10 DNA- 
primed compared to 9 of 14 non-primed volunteers overall after the first and second dose of 
the RTS,S vaccine (p =0.24 ) (Table 2). Assays done after the first and second doses of the 
RTS, S vaccine showed no significant difference between the DNA primed group and 
RTS,S alone group in frequency of positive assays (positive assays/total assays, 8/60 vs. 
18/81, p = 0.178). But there was a significantly greater magnitude of IFN-y responses in 
non-primed as compared with DNA-primed volunteers after the second dose of RTS, S 
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(range of SFCs: 13.1-58.8 [26.4 geometric mean] per 10 6 cells vs. 14.0-140.6 [47.9 
geometric mean] per 10 6 cells, p = 0.004). 

[0112] Similarly, after two doses of the RTS,S vaccine, there was no difference in 
the frequency of positive responding individuals between the DNA primed group and 
RTS,S alone group (8/10 vs 1 1/13). See Table 1. Individuals in the DNA-primed group 
responded to significantly more of the peptides tested than did the volunteers who only 
received the RTS,S vaccine. Of the 8 responders in the 10 DNA-primed volunteers, one 
had responses against all four of the 15-20 amino acid peptides tested, one responded to 
three peptides, 5 to two peptides, and only one responded to one peptide. Of the 1 1 
responders in the 13 non-primed volunteers, one responded to 3 peptides, two responded to 
2 peptides and eight responded to only one peptide (2/8 responded to DR.316 and 6/8 
responded to DR.363). Overall, 7 of 8 DNA-primed compared to 3 of 1 1 non-primed 
volunteers responded to at least two peptides tested (p = 0.0094). 



EXAMPLE 4 
T Cell IFN-y Responses to HBsAg 



[0113] RTS,S is a fusion protein of part of the iyCSP and hepatitis B surface 
antigen (HBsAg). Immunization with RTS,S in adjuvant was significantly less efficient in 
inducing T cell responses among individuals with antibodies to HBsAg. This effect was 
much less pronounced in DNA primed volunteers. Because of the noted influence of 
HBsAg antibody status on response to the four 15-20 amino acid peptides, we expanded the 
studies. IFN- y responses to P/CSP and HBsAg were compared by conducting ELISPOT 
assays as described above with a pool of 13 PfOSP peptides (pPfCSP) and a pool of 19 
HBsAg peptides simultaneously in PBMCs at all study time points after the first and second 
RTS,S immunization. In naive, non-DNA primed, individuals, the HBsAg component was 
immunodominant for T cell responses (compare 0/6 responders for P/CSP to 6/6 responders 
for HBsAg for HBsAg negative, non-primed volunteers and 1/8 responders for P/CSP to 7/8 
responders for HBsAg for HBsAg positive non-primed volunteers), but P/CSP DNA 
priming appeared to balance this- immunodominance directing T cell responses toward 
P/CSP (Table 3; compare 2/4 responders for P/CSP to 2/4 responders for HBsAg for 
HBsAg negative, primed volunteers and 4/6 responders for P/CSP to 6/6 responders for 
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HBsAg for HBsAg positive primed volunteers). 



Table 3 Frequency and magnitude of IFN-7 responses between HBsAg seropositive and seronegative volunteers 



response to 
peptide pool 


DNA-primed volunteers 




non-primed volunteers 




HBsAg (+) 


HBsAg (-) 


P value 


HBsAg (+) 


HBsAg (-) 


P value 




Frequencv [positive responders/total volunteers (%)] 






after first immunization 












pPfCSP 


4/6 (66.7) 


2/4 (50.0) 


0.6 


1/8(12.5) 


0/6 (0) 


0.37 


pHBsAg 


6/6(100.0) 


2/4(50.0) 


0.05 


7/8 (87.5) 


6/6 (100.0) 


0.37 


P value 


0.12 


1.00 




0.003 


0.0005 




after second immunization 












pPfCSP 


5/6 (83.0) 


3/4 (75.0) 


0,75 


3/7 (42.9) 


5/6 (83.0) 


0.14 


pHBsAg 


5/6 (83.0) 


3/4 (75.0) 


0.75 


7/7 (100.0) 


6/6 (100.0) 


_ 


P value 


1.00 


1.00 




0.018 


0.3 






Frequency Positive assavs/total assavs (%)1 






after first immuni; 


^tion 












pPfCSP 


4/15(26.7) 


2/11 (18.2) 


0.61 


2/23 (8.7) 


0/15(0) 


_ 


pHBsAg 


12/15 (80.0) 


3/1 1 (27.3) 


0.007 


16/23 (69.6) 


9/15(60.0)* 


0.54 


P value 


0,0034 


0.61 




0.00002 


- 




after second immunization 












pPfCSP 


9/18(50) 


7/12(58.3) 


0.65 


3/21 (14.3) 


12/18(66.7) 


0.0008 


pHBsAg 


12/18(66.7) 


7/12(58.3) 


0.64 


16/21 (76.2) 


17/18(94.4)* 


0.12 


P value 


0.31 


1.00 




0.00006 


0.035 






Magnitude [net SFC$/lQ fi PBjvIC? (geomean)l 






after first immuni 


zation 












pPfCSP 


19.5-52.2 (33.7) 


53.1-82.5(66.2) 


0.23 


35.6-54.4 (44.0) 


neg 




pHBsAg 


13.5-80.0 (37.7) 


21.3-144.4 (46.0) 


0.54 


13.1-222.9 (60.1) 


13.1-132.5 (33.9)* 


0.013 


P value 


0.41 


0.78 




0.052 






after second immunization 












pPfCSP 


18.1-68.8 (33.8) 


11.7-122.5 (37.9) 


0.11 


25.0-54.4(37.6) 


17.5-125.6(46.1) 


0.09 


pHBsAg 


18.8-131.3 (52.8) 


17.9-215.0 (57.6) 


0.34 


20.0-278.8 (62.3) 


12.5-317.5(97.3)* 


0.013 


P value 


0.024 


0.29 




0.0032 


0.0001 





* Both frequency and magnitude of IFN-y responses against HBsAg in HBsAg seronegative 
volunteers from non-primed group was significantly increased after the second immunization 
compared to after the first immunization compared to after the first immunization and P 
values = 0.035 and 0.00003 respectively. 



[0114] In non-primed volunteers, IFN- y responses to HBsAg were high in all 
individuals regardless of whether or not they had antibodies to HBsAg (Tables 3 and 4; see 
non-primed volunteers). As shown in Table 3, after the first dose of the RTS,S vaccine, the 
magnitude of responses to the HbsAg peptide pool was significantly greater in individuals 
with pre-existing antibodies to HBsAg than in those without such antibodies (range of 
SFCs/10 6 PBMCs [geomean]: 13.1-222.9 [60.1] vs. 13.1-132.5 [33.9], p = 0.013). After the 
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second immunization with the RTS,S vaccine, however, there was no difference in the 
magnitude of INFy between the two groups (see magnitude data). The responses to HBsAg 
in HBsAg antibody-negative individuals were significantly increased after the second dose 
of the RTS,S vaccine compared with after the first dose (Table 3). Specifically, the 
frequency of positive assays after two RTS,S vaccine doses was 17/18 compared to 9/15 
after the first dose (p = 0.035) (see footnote of Table 3). The magnitude of the IFN-y 
response was 12.5-317.5 [geomean = 97.3] compared to 13.1-132.5 [geomean = 533.9] with 
only one dose (p = 0.024) (see footnote of Table 3). After the second dose, the numbers of 
SFCs was significantly greater in HbsAg antibody-negative individuals, than in HBsAg 
antibody-positive individuals (12.5-317.5 [97.3] compared to 20.0-278.8 [62.3], p = 0.013) 
(Table 3). 

[0115] As Table 3 provides, IFN- y responses to /yCSP showed a different pattern 
from the responses to HBsAg. Thirteen of fourteen non-primed volunteers responded to 
HBsAg after one dose of the RTS,S vaccine, as shown in 7 of 8 HBsAg positive volunteers 
and in all 6 HBsAg negative volunteers. In contrast, only one of these 14 individuals 
responded to P/CSP (p = 0.0049), as shown in 1 of 8 of HBsAg positive volunteers and 0 of 
6 HBsAg negative volunteers. Overall, RTS,S-induced IFN- y responses were significantly 
lower to P/CSP than to HBsAg in all volunteers who were not primed with DNA, and even 
lower in individuals with pre-existing anti-HBsAg antibodies (Table 3), as measured by the 
frequency of positive responders and positive assays after the first and second doses of 
RTS,S. See the p values for non-primed volunteers. Likewise, the magnitude of IFN- y 
responses was lower after each immunization in both HBsAg antibody-positive (p < 0.05- 
0.0032) and antibody-negative individuals (p = 0.0001) (Table 3). See highlighted p values 
in the magnitude section of Table 3. These data demonstrated that, in non-primed 
individuals, RTS,S elicited T cell responses to P/CSP and to HBsAg, the response to 
HBsAg being significantly more robust than the response to P/CSP (Table 4). 

[0116] In DNA-primed volunteers who were also HbsAg antibody-positive, the 
number of positive assays after the first dose of RTS,S was greater to HBsAg than it was to 
P/CSP (12/15 vs. 4/15, p = 0.0034) (Table 3). Upon administering the second dose of 
RTS,S vaccine, however, the frequency of positive assays to PJCSF was no different that 
the frequency for HBsAg in HBsAg antibody-positive volunteers. See frequency data for 
DNA primed volunteers. In DNA primed, HbsAg antibody-negative volunteers, these 
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frequencies were not different after the first dose or second dose of the RTS 3 S vaccine. The 
magnitude of responses to P/CSP and HbsAg were similar after the first dose regardless of 
HbsAg antibody status (Table 3). But after the second dose in DNA primed, HBsAg 
antibody-positive individuals, the magnitude of responses to HBsAg was increased 
significantly as compared to the magnitude of responses to P/CSP (range of SFCs/10 6 
PBMCs [geomean]: 18.1-68.8 [33.8] vs. 18.8-131.3 [52.8], p = 0.024). These results 
indicated that responses to HBsAg may eventually predominate over the responses to 
P/CSP if multiple doses of the RTS,S vaccine are administered. 

EXAMPLE 5 

DNA Vaccine Induces Both Tel (CD8*) and Thl (CD4 + ) Type Responses Whereas 
RTS.S Induces Only Thl Responses in Humans 

[01 17] Either the P/CSP DNA vaccine or the RTS,S vaccine alone is capable of 
inducing IFN-y responses, so that after the second dose of RTS,S vaccine, the IFN- y 
responses in both groups were equivalent in terms of the positive responders (8/10 
compared to 1 1/14) (Table 1). Nevertheless, as reported previously, the IFN- y responses 
induced by the P/CSP DNA vaccine or RTS,S vaccine alone were dependent upon different 
subsets of T cells. Immunization with DNA induces both CD4 + and CD8 + T cell-dependent 
IFN- y responses (107), and RTS,S induces only CD4 + T cell-dependent responses (61). 

[0118] T cell profiles of IFN- y responses in both induction and effector phases in 
vitro were characterized by ELISPOT and real-time PGR respectively with PBMCs from 
the volunteers immunized with DNA alone, RTS,S alone, or from the DNA-primed/RTS,S- 
boosted volunteers. 

[0119] ELISPOT assays were carried out with PBMCs depleted of CD4 + or CD8 + T 
cells prior to culture with peptides using anti-CD4 + - or anti-CD8 + -coated Dynabeads M-450 
(Dynal, Inc., Great Neck, NY). IFN- y mRNA expression levels were measured by real-time 
PCR in selectively enriched T cell populations: CD4 + /CD45RA + , CD4 + /CD45RA", 
CD8 + /CD45RA + , and CD8 + /CD45RA" T cells. In these assays, frozen PBMCs were 
recovered by overnight culture in 24- well plate at 3 xlO 6 cell/well in 2 ml complete RPMI 
medium with 10% human AB serum, and then stimulated with short peptide (9-10 amino 
acid A2 peptide sequence GILGFVFTL; SEQ. ID. NO. 27) for 2 hours, or long peptides (15- 
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20 amino acid) for 4 h at 10 |ag/ml. Then, PBMCs were harvested and enriched for CD8 + or 
CD4 + T cells using MACS MultiSort kit, and then CD45RA + and CD45RA~ cells were 
separated by passing the enriched CD4 + or CD8 + T cells through CD45RA MicroBeads 
(Miltenyi Biotec, Auburn, CA). 

[0120] To quantify IFN- y mRNA by real-time PCR, total RNA was isolated from 
enriched T cell subsets using the RNeasy kit (Qiagen, Valencia, CA). cDNA was 
synthesized from the total RNA using random hexamers and the TaqMan Reverse 
transcription kit (PE Applied Biosystems, Foster City, CA). A relative quantification of 
IFN- y mRNA by real-time PGR was done on an ABI PRISM 7700 Sequence Detector 
(Perkin-Elmer) using TaqMan PCR kit according to manufacturer's instructions. The 
primers, probes and standards for amplifying the IFN- y and GAPDH mRNA were designed 
and standardized in house. A relative quantification of IFN- y mRNA by real-time PCR was 
done on an ABI PRISM 7700 Sequence Detector (Perkin-Elmer) using the TaqMan TM PCR 
kit according to manufacturer's instructions. The primers (hlFN-g-F, 
TTGGTGATGATTTGAACATTGGA, SEQ. ID. NO. 28; hlFN-g-R, 
CCCAGTTCCTGCAGAGTAGAAAA, SEQ. ID. NO. 29; hGAPDH-F, 5'GAA 
GGTGAAGGTCGGAGTC, SEQ. ID. NO. 30; hGAPDH-R, 

GAAGATGGTGATGGGATTTC SEQ. ID. NO. 31), probes (hlFN-g probe: TGTCACTTG 
CAAACACACAGCTTGTCGAA, SEQ. ID. NO. 32; hGAPDH probe: 
CAAGCTTCCCGTTCTCAGCC, SEQ. ID. NO. 33) for amplifying the IFN-g and GAPDH 
mRNA were designed and standardized in house following the manufacturer's protocol. 
Amplification of GAPDH was done for each experimental sample as an endogenous control 
to account for differences in the amount and quality of total RNA added to each reaction. 
Thermal cycling conditions were 2 min at 50 °C and 10 min at 95 °C, followed by 50 cycles 
of 2 step PCR consisting of 15 s at 95 °C and 1 min at 60 °C. All samples were amplified in 
triplicate. Threshold cycle (Ct), which correlates inversely with the target mRNA levels, was 
measured as the cycle number at which the reporter florescent emission increased above a 
threshold level. Target gene expression was normalized between different samples based on 
the values of the expression of the GAPDH gene. 

[0121] Depleted T cell populations were incubated with defined P/CSP peptides 
prior to the ELISPOT assays in order to identify which subsets of T cell were involved in 
the induction phase of IFN- y responses in vitro. In parallel, IFN- y mRNA expression 
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levels were assessed by real-time PGR in enriched subsets of T cell populations after 
incubation of PBMCs with the same peptides used for the ELISPOT assays to delineate the 
effector T cells that actually secreted IFN- y. Responses to peptide DR. 3 63 (containing 
only a class II restricted CD4 + T cell epitope) and DR.316 (containing overlapping class I 
and class II restricted CD4 + and CD8 + epitopes) were assessed to compare the mechanisms 
underlying the IFN- y responses against P/CSP by different vaccine delivery systems. 
Responses to the HLA-A2 -restricted, immunodominant and conserved CD8 + T cell epitope 
from influenza matrix protein (Flu M A2) and the HLA-DR-restricted CD4 + T cell epitope 
from tetanus toxin (TT-DR) were also evaluated in parallel to provide internal 
standardization between different epitopes, assays, and volunteers. 

[0122] The in vitro induction of IFN- y responses to the Flu M A2 peptide were 
CD8 + but not CD4 + T cell-dependent since depletion of CD8 + but not CD4 + T cells 
immediately before culture of PBMCs completely abrogated or significantly reduced IFN- y 
responses in all 17 individuals tested, regardless of what type of anti-malaria vaccine they 
received (Fig. 2a). In contrast, the responses to peptide TT-DR were completely CD4 + , not 
CD8 + , T cell dependent, in all 3 positive responders tested (Fig. 2b). 

[0123] IFN- y mRNA expression levels measured by real-time PCR in 4 enriched T 
cell populations (CD4 + /CD45RA + , CD4 + /CD45RA~, CD8 + /CD45RA + , and CD8 + /CD45RA") 
were consistent with the findings obtained from the ELISPOT assays. IFN- y mRNA was 
up regulated predominantly in CD8 + T cells after stimulation with the Flu M A2 peptide 
(Fig. 2e: standards). The IFN- y mRNA expression levels increased 6.8 fold (range, 3.4-12.9 
fold) in CD8 + T cells compared to 2.2 fold (range, 0.98-7.58 fold) in CD4 + T cells (p = 
0.03). The percentage of IFN- y mRNA up-regulation in CD8 + over CD4 + T cells was 78% 
on average (range, 62-99%). In contrast, IFN- y mRNA was up regulated predominantly in 
CD4 + T cells after stimulation with TT-DR (Fig. 2e: standards). The IFN- y mRNA levels 
increased 7.6 fold (range, 2.4-18.3) in CD4 + T cells compared to 2.2 fold (range, 1.1-4.6) in 
CD8 + T cells (p = 0.02). IFN- y mRNA up-regulation in CD4 + T cells over CD8 + T cells 
was 79% (range, 74-100%). These results indicated that CD8 + T cells are functional 
effectors of IFN- y responses against Flu M A2 peptide whereas CD4 + T cells are the 
effectors against TT-DR peptide. 

[0124] Conducting the assays in parallel with two standards as described above, we 
clarified the T cell profiles of IFN- y responses induced by the DNA P/CSP vaccine or the 
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RTS,S vaccine to two different P/CSP peptides (DR.363 andDR.316). Consistent with the 
fact that peptide DR.363 contains a CD4+ T cell epitope, but not a CD8+ T cell epitope, the 
ELISPOT results with depleted T cell populations showed that the IFN- y responses to peptide 
DR.363 were completely CD4 + T cell-dependent in volunteers who received the P/CSP DNA 
vaccine alone (2/2 tested, VI and V5) or RTS,S alone (6/6 tested) (Fig.2c). IFN- y mRNA 
expression levels in enriched T cell populations were correlated with the T cell dependence by 
ELISPOT. IFN- y mRNA was up regulated predominantly in CD4 + T cells in both P/CSP 
DNA- and RTS,S vaccine-immunized volunteers (Fig. 2e: DR.363). In five DNA-immunized 
volunteers tested, IFN- y mRNA levels increased 5.3 fold (range, 2.6-1 1.5) in CD4 + T cells 
compared to a 1.7 fold (range, 0.99-3.2) in CD8 + T cells (p = 0.014). IFN- y mRNA up- 
regulation in CD4 + over CD8 + T cells was 74% (range, 64-91%). The same pattern was seen 
in four RTS,S-immunized volunteers tested (Fig. 2e), IFN- y mRNA levels increased 9.2 fold 
(range, 2.9-53.5) in CD4 + compared to a 0.9 fold (range, 0.6-1.1) in CD8 + T cells, and that 
IFN- y mRNA up-regulation in CD4 + over CD8 + T cells was 86% (range, 73-98%). These 
results provided the first evidence that the DNA P/CSP vaccine induced P/CSP -specific and 
CD4 + T cell-dependent, in addition to CD8 + T cell-dependent, IFN- y responses in humans. 

[0125] IFN- y responses to DR.316 (overlapping CD4 + and CD8 + T cell epitope) 
were dependent upon different subsets of T cells in volunteers receiving either the P/CSP 
DNA vaccine or the RTS,S vaccine alone. The responses were both CD4 + and CD8 + T cell- 
dependent in volunteers who received DNA alone (VI) (Fig. 2d) as previously reported 
(107), compared to only CD4 + , but not CD8 + T cell-dependent in volunteers who received 
the RTS, S vaccine alone (3/3 volunteers tested) (Fig. 2d). Furthermore, IFN- y mRNA was 
up-regulated predominantly in CD8 + T cells in DNA-immunized volunteers (Fig. 2e: 
DR.316), although the response was both CD4 + T cell and CD8 + T cell dependent by 
ELISPOT. 

[0126] IFN- y mRNA expression levels increased 64.7 fold in CD8 + T cells 
compared to 0.36 fold in CD4 + T cells, and IFN- y mRNA up-regulation in CD8 + over CD4 + 
T cells was 99.6%. In contrast, transcription of IFN- y mRNA was up-regulated 
predominantly in CD4 + T cells in RTS,S vaccine-immunized volunteers (Fig. 2e: DR.316). 
IFN- y mRNA expression levels increased 24.7 fold (range, 5.3-176.7 fold) in CD4 + T cells 
compared to 2.5 fold (range, 1.1-5.6 fold) in CD8 + T cells. IFN- y mRNA up-regulation in 
CD4 + over CD8 + T cells was 86% (range, 69-98%). These findings indicated that with 
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DNA immunization, CD4 + T cells were involved only in the induction phase in vitro of 
IFN- y responses and that CD8 + T cells are the cells that actually secrete IFN- y against 
DR.316. In contrast in RTS,S vaccine-immunized individuals, these results indicate that 
CD4 + T cells are the effector T cells which produce IFN- y against the same peptide 
(DR.316). 

EXAMPLE 6 

DNA-prime/RTS,S boost broadens the repertoire of IFN- v -producing T cells 

[0127] The repertoire of IFN- y -producing T cells recalled was delineated by 
boosting with the RTS,S vaccine in DNA-primed volunteers. IFN- y responses to peptide 
DR.363 (does not contain a CD8 + T cell epitope) were only CD4 + T cell-dependent in 
volunteers immunized with either the P/CSP DNA vaccine or the RTS,S vaccine alone. 
The same type of response to DR.363 was detected in 2/3 responders (VI and V5) in the 
DNA-primed group after the RTS,S boost. Strikingly, the magnitude of responses 
measured by IFN- y mRNA expression levels in CD4 + T cells were increased 94.9 fold in 
volunteer VI and 46.7 fold in V5 after the RTS 5 S boost as compared to a 7.6 fold increase 
in VI and 12.5 fold in V5 after the immunization with 3 doses of DNA alone. See "DNA 
alone 55 bars in Figure 3. The magnitude of responses after the RTS,S boost were 12.5 times 
higher in VI and 3.7 times higher in V5 than that after the DNA immunization (Fig.3; 
compare "DNA alone 55 bars with "DNA/RTS,S" bars). 

[0128] IFN- y responses to peptide DR.316 were dependent upon different T cell 
subsets in volunteers receiving either the P/CSP DNA vaccine or the RTS,S vaccine alone. 
DNA-induced responses were both CD4 + T cell and CD8 + T cell-dependent in the induction 
phase, but only CD8 + T cell-dependent in the effector phase. When measuring the effector 
phase, T cell populations were depleted after stimulation with peptides. In contrast, RTS,S- 
induced responses were only CD4 + T cell-dependent in both induction and effector phases. 
Thus, it was not surprising that the responses to DR.316 in DNA-primed volunteers after the 
RTS,S boost was a mixture of the two patterns seen in volunteers immunized with either 
DNA or RTS,S alone (Fig. 2d). 

[0129] In the induction phase in vitro, both CD4 + and CD8 + T cell-dependent IFN- y 
responses to DR.316 were detected in 3/5 responders (4/6 assays) after the first dose of 
RTS,S. Completely CD4 + T cell-dependent but only partially CD8 + T cell-dependent IFN- 
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y responses were detected in 4/6 responders (7/12 assays) after the second dose of RTS,S. 
Depletion of CD8 + T cells did not abrogate IFN- y production (Fig. 4a), indicating that 
CD4 + T cells produce IFN- y as well as CD8+ T cells after the RTS,S boost. Concurrently, 
in the effector phase, IFN- y mRNA expression levels were up regulated not only in CD8 + T 
cells (8/8 responders), but also in CD4 + T cells (4/8 responders after the first dose, 6/8 
responders after the second dose of RTS,S), as compared to being up-regulated in only 
CD8 + T cells in volunteer immunized with DNA alone, or in only CD4 + T cells in 
volunteers immunized with RTS,S alone (Fig. 2e: DR.316 compare VI (DNA) to V22 
(RTS,S)). 

[0130] Overall, up-regulation of IFN- y mRNA in both CD8 + and CD4 + T cells were 
detected in 6 of the 8 responders, and the up-regulation of IFN- y mRNA in CD4 + T cells 
ranged from 3.0 to 28.3 fold (geomean, 6.6 fold) compared with that in CD8 + T cells, which 
ranged from 4.0 to 281.03 (geomean, 19.7 fold) after the RTS,S boosts. Percentage of IFN- 
y mRNA up-regulation in CD4 + over CD8 + T cells was 23.5% (range, 6.5-45.1%). The 
results here demonstrated that DR.316-specific CD4 + T cells in DNA-primed volunteers 
after the RTS,S boost functioned not only as T helper cells for CD8 + T cell production of 
IFN- y (a feature of the DNA-induced IFN- y response) but also as effectors producing IFN- 
y (a feature of the RTS,S-induced IFN- y response) (Table 5). 

[0131] The above data demonstrate CD8 + T cell dependent IFN-y responses in DNA 
primed-RTS,S boosted volunteers but not in the non-primed volunteers. These data also 
demonstrate both CD4 and CD8 dependent IFN-y responses to the same epitopes. Peptide 
DR.316 was identified to be a CD4 and CD8 overlapping epitope, based on the dependency 
of IFN-y responses on different subsets of T cells. 
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Table 4 Comparison of IFN-y responses in DNA-primed and non-primed groups 
after the RTS.S immunization 



IFN-y responses to 


specific antigen 
PfCSP 


backbone antigen 
HBsAg 


HBsAg serology 
at baseline 


HBsAg (+) HBsAg (-) 


HBsAg (+) HBsAg (-) 



DNA primed group 

after first dose H — h H — h H — b* H — h 

after second dose ++ ++ ++ ++ 



Non-primed group 

after first dose "I""/- - H — I — h H — I — h 

after second dose + ++ ++++ ++++ 

Criteria for the score of responsiveness is based on the statistically significant increase (p < 
0.05) in terms of (1) the frequency of positive responders, (2) frequency of the positive 
assays, and (3) the magnitude of positive responses as compared to the baseline, as well as 
(4) a significant increase in IFN-y responses after the second immunization compared to 
after the first immunization. no responses; +/-, an increase but not statistically significant; 
+, ++, +++, and +-H-+ represent the significantly increase in one, 2, 3, or 4 of the 4 criteria 
respectively. 

EXAMPLE 7 

Antibody Responses in DNA-primed/RTS^S-boosted Volunteers 

[0132] Antibody responses against air-dried P. falciparum sporozoites were 
assessed before immunization with RTS,S, and at 2, 4, 6 and 8 wks after the first and 1, 2, 4 
and 6 wks after the second dose of RTS,S. Antibody titers were determined by the indirect 
fluorescent antibody test (IF AT) as previously described (33). As expected, antibody titers 
were excellent although there was some variability in the antibody responses among the 
groups (Fig. 5). Titers peaked 4 weeks after the second dose of RTS,S with geometric mean 
titers ranging from 5120 to 20480. However, there was no statistically significant difference 
in antibody titers against whole sporozoites at any time point with one exception. At 2 wks 
after the first dose, the geometric mean titer of antibodies by IF AT, 3225, in the group of 
volunteers who had never received PfCSP and had antibodies to HBsAg (DNA-/HB+) was 
greater than the geometric mean titer, 718.4, in the volunteers who had received PfCSP and 
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had antibodies to HBsAg (DNA+/HB+) (P = 0.02). This was primarily due to the high titer, 
10240, of a single volunteer in the DNA-/HB+ group who withdrew from the study after the 
6 wk time point, just prior to the planned second immunization with RTS,S. The 
statistically significant difference between groups was not present following the second 
dose ofRTS,S. 

CONCLUSIONS 

[0133] The process of developing an effective, sustainable vaccine against 
infections like P. falciparum, Mycobacterium tuberculosis, and HIV has proven to be 
slower, more difficult and complex than expected. The above analysis of the invention 
demonstrates that priming with the P/CSP DNA and boosting with RTS,S leads to the 
induction of responses by both the cellular and humoral arms of the immune system. 
Furthermore, among individuals with antibodies to HBsAg, those individuals primed with 
the P/CSP DNA vaccine produced significantly better T cell responses after administration 
of the RTS,S adjuvanted vaccine than did volunteers who had never received i^CSP DNA. 
Since most recipients of malaria vaccines, or other vaccines, will have antibodies to HBsAg, 
either due to immunization or infection, this may provide an important advantage of this 
prime boost strategy of immunization. 

[0134] This analysis shows that DNA-primed iyCSP-specific CTL responses were 
recalled in 50% of the volunteers by boosting with RTS,S 12-14 months after the last 
vaccination with DNA, indicating that the DNA vaccine was highly effective at the 
induction of long-lived memory T cell responses. Two of the 5 volunteers with recalled 
CTL responses after the RTS,S injection had no detectable CTLs after immunization with 
DNA alone, suggesting that immunization with the DNA vaccine was superior for the 
induction of memory CTLs in these individuals, but may not have been optimal for 
induction of effector T cell responses (38, 92). Since there were no CTL responses detected 
in non-primed volunteers who received RTS,S alone, RTS,S was not capable of priming 
P/CSP-specific CTLs but had the capacity to boost the CTL responses initiated by the DNA 
vaccine. DNA-primed P/CSP-specific IFN-y responses were also boosted strongly by 
RTS,S, particularly after the first dose. Six of the 10 DNA-primed volunteers had IFN-y 
responses against all 4 peptides tested as compared to 2 of 14 non-primed volunteers, who 
had responses against only one of the 4 peptides. After two doses of RTS,S, although there 
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was no significant difference in terms of the frequency and the magnitude of the responses, 
the breadth of IFN- y responses at the epitope level was significantly greater in DNA- 
primed than in non-primed volunteers. Seven of 8 DNA-primed vs. 3/1 1 non-primed 
volunteers responded to at least 2 peptides tested (p = 0.0094). 

[0135] The results also suggest that DNA-prime/RTS,S boost broadens the 
repertoire of IFN- y -producing T cells. DNA priming initiated two profiles of IFN- y - 
producing T cells: (1) CD4 + T cell-dependent CD8 + type 1 responses against overlapping 
CD4"7CD8 + T cell epitopes (DR.3 1 6 and DR.3 1 8), and (2) CD4 + type 1 IFN- y responses 
against DR-restricted CD4 + T cell epitopes (DR.363). RTS,S alone, on the other hand, 
induced only CD4 + type 1 IFN- y responses (Fig.2). With regard to DR.3 16, an overlapping 
CD4"7CD8 + T cell epitope, DNA alone induced CD4 + -dependent CD8 + type 1 responses 
and RTS,S alone induced CD4 + type 1 responses against this peptide. However, priming 
with DNA and boosting with RTS,S induced both patterns of IFN- y responses to DR.3 1 6 
simultaneously (Fig.4, Table 4). In addition, RTS,S stimulated CTL responses to new CTL 
epitopes not detected after DNA priming. 

[0136] CD4 + T cells may function in a bystander helper capacity for CD8 + T cell 
production of IFN-y. The above results confirm this hypothesis by conducting ELISPOT 
assays and real-time PCR in parallel, in depleted or enriched T cell populations before and 
after the stimulation of PBMCs with peptide in vitro, respectively. Comparison of the 
numbers of IFN- y -producing cells and IFN-y mRNA expression levels before or after the 
peptide stimulation delineated the functional profiles of T cells involved in IFN- y responses 
induced by either the DNA vaccine and the RTS, S vaccine alone. 

[0137] The results here suggest that DNA priming may direct post-boost responses 
to the primed antigen. In regard to immunization with RTS,S, this appears to be of 
particular importance. RTS,S was designed with HBsAg as a carrier which would enhance 
T cell responses to the malaria antigen P/CSP. Individuals with antibodies against HBsAg 
antibodies at baseline had been previously immunized with the hepatitis B vaccine. An 
anti-malaria vaccine which was delivered in sub-Saharan Africa would be expected to have 
a target population with significant natural exposure or previous vaccination to HBsAg. 

[0138] Comparison of the IFN- y responses to P/CSP between the DNA-primed and 
non-primed volunteers showed significant differences among those individuals who had 
existing anti-HBsAg antibodies (Table 1, 3 and 5). Parallel comparison of the IFN-y 
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responses to HBsAg and P/CSP individually revealed that the RTS,S-ihduced IFN-y 
responses were significantly lower to P/CSP than to HbsAg in all volunteers who were not 
primed with DNA, and were even lower in individuals with pre-existing anti-HBsAg. 
Although 13/14 control volunteers responded to HBsAg after one dose of RTS,S, IFN-y 
responses to i^CSP were only detected in one of 14 individuals. On the other hand, the 
responses to the backbone antigen in DNA-primed volunteers had little or no impact on 
induction of IFN- y responses to P/CSP, since both the frequency and the magnitude of 
IFN- y responses to P/CSP were equivalent between HBsAg sero-positive and sero-negative 
individuals after the RTS, S boost (Table 5). These results demonstrated that DNA initiates 
and directs the T cell responses towards the specific antigen, and balances the desired 
immunity along with the background responses. DNA primed volunteers have comparable 
IFN-y responses to bothP/CSP and HBsAg regardless of anti-HBsAg seropostivity; non- 
primed volunteers have significantly stronger IFN- y responses to HBsAg as compared to 
P/CSP (Table 4). 

[0139] There is now considerable effort being directed to producing recombinant 
fusion proteins and recombinant viruses and bacteria that express the target protein(s). In 
many cases, for HBsAg, vaccinia, poliovirus, and Salmonella typhi, immunized individuals 
will have pre-existing antibodies against these backbone components of the vaccine. The 
fact that in individuals with antibodies to the backbone component of the vaccine (e.g. 
HBsAg), priming with DNA encoding target proteins significantly enhanced the T cell 
immune responses to these proteins as compared to priming with recombinant protein alone 
may be an advantage of this prime boost strategy of immunization. 
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peptide DNA alone RTS,S alone DNA prime/RTS,S boost 



Flu M A2 (CD8 + T epitope) 
induction phase 


CD8+ 


CD8+ 


CD8+ 


effector phase 


CD8+ 


CD8+ 


CD8+ 


TT-DR (CD4 + T epitope) 
induction phase 


CD4+ 


CD4+ 




effector phase 


CD4+ 


CD4+ 


CD4+ 


PfCSP DR.363 (CD4 + T epitope) 
induction phase CD4+ 


CD4+ 


CD4+ 


effector phase 


CD4+ 


CD4+ 


CD4+ 


PfCSP DR.316 (overlapping CD4 + and CD8 + T epitope) 

induction phase CD4+ and CD8+ CD4+ 


CD4+ and CD8+ 


effector phase 


CD8+ 


CD4+ 


CD8+ and CD4+ 



[0140] Priming of immune responses using DNA as the vaccine vehicle allows for 
focusing of the initial T cell responses on the recombinant immunogen, simply because that 
is the only foreign protein expressed in a DNA vaccine. Although recombinant RTS,S or 
poxviruses may be intrinsically more immunogenic than DNA vectors as vaccine vehicles, 
virus-infected cells produce a large number of virus-derived epitopes that compete with the 
recombinant immunogen for T cell immunodominance. Many individuals receiving a 
vaccine will most likely have been naturally exposed to the carrier antigens, or have 
received other vaccinations containing the antigen in a recombinant virus or protein, so that 
effector responses against the carrier antigens will interfere with the induction of T cell 
responses to specific antigens. 

[0141] In this study, antigen-specific CD4 + helper, CD8 + T cell-dependent CTL and 
IFN-y responses, and Thl-type CD4 + T cell-dependent IFN-y responses were all 
simultaneously achieved in human volunteers by a DNA priming/recombinant protein 
boosting immunization strategy. This strategy, capable of inducing both arms of the 
immune response, offers unique advantages for preventive and therapeutic vaccines. 
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[0143] Other embodiments of the invention will be apparent to those skilled in the 
art from consideration of the specification and practice of the invention disclosed herein. It 
is intended that the specification and examples be considered as exemplary only, with a true 
scope and spirit of the invention being indicated by the following claims. 
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We claim: 

1 . A method for immunizing a human against a malaria-causing pathogen 
comprising: 

a) priming an immune response in a human by administering a priming 
vaccine comprising at least one polynucleotide encoding at least one 
first malaria antigen in a priming dose effective to establish the 
response; and 

b) boosting the primed immune response in the human by subsequently 
administering a boosting vaccine comprising at least one polypeptide 
which comprises at least one second malaria antigen having at least 
one epitope in common with the at least one first malaria antigen in a 
boosting dose effective to boost the primed immune response 

wherein administration of the priming vaccine primes CD 8+ T cells and administration of 
the boosting vaccine recalls the primed CD8+ T cells, broadens the primed CD8+ T cell 
response, and results in the generation of anti-malaria CD8+ T cells, anti-malaria CD4+ T 
cells, and anti-malaria antibodies. 

2. The method of claim 1, wherein the second malaria antigen comprises all or 
part of the first malaria antigen. 

3. The method of claim 1, wherein the priming dose is between 0.01 |ig and 50 

mg. 

4. The method of claim 3, wherein the priming dose is 2500 \ig. 

5. The method of claim 3, wherein the priming dose is administered between 
one and 5 times before administering the second vaccine. 

6. The method of claim 1, wherein the boosting dose is between 1 |ag and 100 

7. The method of claim 6, wherein the boosting dose is 50 |ng. 
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8. The method of claim 6, wherein the boosting dose is 25 jug. 



9. The method of claim 1, wherein the priming vaccine is administered by a 
method selected from IM, IV, ID, subcutaneously, mucosally, recombinant bacteria, 
recombinant virus, or gene gun, or combinations thereof. 

10. The method of claim 1, wherein the boosting vaccine is administered by a 
method selected from IM, IV, ID, subcutaneously, mucosally, recombinant bacteria, 
recombinant virus, or gene gun, or combinations thereof. 

11. The method of claim 1, wherein the CD8+ T cells comprise cytotoxic T 
lymphocytes. 

12. The method of claim 1, wherein the first malaria antigen comprises at least a 
fragment of the circumsporozoite polypeptide. 

13. The method of claim 1, wherein the second malaria antigen comprises at 
least a fragment of the circumsporozoite polypeptide. 

14. The method of claim 1, wherein the priming vaccine comprises P/CSP. 

15. The method of claim 1, wherein the boosting vaccine comprises RTS,S. 

16. The method of claim 1, wherein the first malaria antigen comprises 
substantially all of the circumsporozoite protein and the second malaria antigen comprises 
RTS,S. 

17. The method of claim 1, wherein the malaria-causing pathogen is P. 
falciparum, 

18. A vaccine for use in the method of claim 1 comprising, as separate 
components, a priming composition comprising at least one polynucleotide encoding at 
least one first malaria antigen and a boosting composition comprised of at least one 
polypeptide further comprising at least one second malaria antigen. 
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19. The vaccine of claim 18, wherein the polynucleotide encodes substantially 
all of the circumsporozoite protein. 

20. The vaccine of claim 1 8, wherein the priming composition comprises P/CSP 
and the boosting composition comprises RTS,S. 

21. The vaccine of claim 18, wherein the composition comprising RTS,S further 
comprises an adjuvant. 

22. A kit for immunizing a human against a malaria-causing pathogen 
comprising: 

a) a priming vaccine comprising at least one polynucleotide encoding at 
least one first malaria antigen; and 

b) a boosting vaccine comprised of at least one polypeptide further 
comprising at least one second malaria antigen having at least one 
epitope in common with the at least one first malaria antigen 

wherein administration of the priming vaccine primes CD8+ T cells and administration of 
the boosting vaccine recalls the primed CD84- T cells, broadens the primed CD8+ T cell 
response, and results in the generation of anti-malaria CD8+ T cells, anti-malaria CD4+ T 
cells, and anti-malaria antibodies. 

23. The kit of claim 22, wherein the priming vaccine comprises P/CSP. 

24. The kit of claim 22, wherein the boosting vaccine comprises the RTS,S 
vaccine. 

25. A kit for immunizing a human against a malaria-causing pathogen 
comprising: 

a) a priming vaccine comprising at least one polynucleotide encoding 
substantially all of the CS protein or a fragment thereof; and 

b) a boosting vaccine comprising at least one polypeptide comprising 
substantially all of the CS protein or a fragment thereof. 
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26. The kit of claim 25, wherein the priming vaccine comprises PJCSP. 

27. The kit of claim 25, wherein the boosting vaccine comprises a hybrid protein 
comprising substantially all of the C-terminal portion of the CS protein, four or more 
tandem repeats of the immunodominant region, and the surface antigen from hepatitis B 
virus (HbsAg). 

28. The kit of claim 27, wherein the boosting vaccine comprises RTS,S and a 
Thl inducing adjuvant. 

29. A vaccine comprising, as separate components, a priming composition 
comprising at least one polynucleotide encoding substantially all of the CS protein or a 
fragment thereof and a boosting composition comprising at least one polypeptide 
comprising substantially all of the CS protein or a fragment thereof. 

30. The vaccine of claim 29, wherein the priming composition comprises P/CSP. 

3 1 . The vaccine of claim 29, wherein the boosting composition comprises a 
hybrid protein comprising substantially all of the C-terminal portion of the CS protein, four 
or more tandem repeats of the immunodominant region, and the surface antigen from 
hepatitis B virus (HbsAg). 

32. The vaccine of claim 31, wherein the boosting composition comprises RTS,S 
and a Thl inducing adjuvant. 

33 . A method for immunizing a human against a malaria-causing pathogen 
comprising: 

a) priming an immune response in a human by administering a priming 
vaccine comprising at least one polynucleotide encoding substantially 
all of the CS protein or a fragment thereof in a priming dose effective 
to establish the immune response; and 

b) boosting the primed immune response in the human by subsequently 
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administering a boosting vaccine comprising at least one polypeptide 
comprising substantially all of the CS protein or a fragment thereof in 
a boosting dose effective to boost the primed immune response. 

34. The method of claim 33, wherein the priming vaccine comprises P/CSP. 

35. The method of claim 33, wherein the boosting vaccine comprises a hybrid 
protein comprising substantially all of the C-terminal portion of the CS protein, four or 
more tandem repeats of the immunodominant region, and the surface antigen from hepatitis 
B virus (HbsAg). 

36. The method of claim 35, wherein the boosting vaccine comprises RTS,S and 
a Thl inducing adjuvant. 

37. The method of claim 33, wherein the priming dose is between 0.01 jag and 

50 mg. 

38. The method of claim 37, wherein the priming dose is 2500 |ag. 

39. The method of claim 37, wherein the priming dose is administered between 
one and 5 times before administering the second vaccine. 

40. The method of claim 33, wherein the boosting dose is between 1 jig and 100 

41 . The method of claim 40, wherein the boosting dose is 50 |ag. 

42. The method of claim 40, wherein the boosting dose is 25 |xg. 

43. The method of claim 33, wherein the priming vaccine is administered by a 
method selected from IM, IV, ID, subcutaneously, mucosally, recombinant bacteria, 
recombinant virus, or gene gun, or combinations thereof. 
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44. The method of claim 33 , wherein the boosting vaccine is administered by a 
method selected from IM, IV, ID, subcutaneously, mucosally, recombinant bacteria, 
recombinant virus, or gene gun, or combinations thereof. 
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FIGURE 1 



Fig. la : PfCSP-specific CTLs after DNA immunization 
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FIGURE 1 



Fig, lc : PfCSP-specific CTLs after RTS,S boost 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5 



■ DNA-/HB- Q DNA-/HB+ S DNA+/HB- B DNA+/HB+ 

100000 n 




Dose 1 Dose 2 

Weeks after Immunization with RTS,S 



WO 2004/037189 



1/9 

SEQUENCE LISTING 



PCT/US2003/033462 



<110> GLAXOSMITHKLINE BIOLOGICALS, S.A. 
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<140> 
<141> 

<150> 60/447,026 
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<150> 60/420,265 
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<160> 33 

<170> Patentln Ver . 2.1 

<210> 1 
<211> 9 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 1 

Tyr Leu Asn Lys lie Gin Asn Ser Leu 
1 5 



<210> 2 
<211> 10 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 2 

Glu Pro Ser Asp Lys His lie Lys Glu Tyr 
1 J 5 10 



<210> 3 
<211> 10 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 



<400> 3 
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Val Thr Cys Gly Asn Gly He Gin Val Arg 
15 10 



<210> 4 
<211> 8 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 4 

Lys Pro Lys Asp Glu Leu Asp Tyr 
1 5 



<210> 5 
<211> 20 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 5 

He Lys Glu Tyr Leu Asn Lys He Gin Asn Ser Leu Ser Thr Glu Trp 
15 10 15 

Ser Pro Cys Ser 
20 



<210> 6 
<211> 14 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 6 

Glu Tyr Leu Asn Lys He Gin Asn Ser Leu Ser Thr Glu Trp 
15 10 



<210> 7 
<211> 21 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 7 

Asp He Glu Lys Lys He Cys Lys Met Glu Lys Cys Ser Ser Val Phe 
1 5 10 15 
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Asn Val Val Asn Ser 
20 



<210> 8 
<211> 20 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 8 

lie Lys Pro Gly Ser Ala Asn Lys Pro Lys Asp Glu Leu Asp Tyr Ala 
1 ' 5 10 15 

Asn Asp lie Glu 
20 



<210> 9 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 9 

Asn Glu Glu Pro Ser Asp Lys His lie Lys Glu Tyr Leu Asn Lys 
15 10 15 



<210> 10 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 10 

Asp Lys His lie Lys Glu Tyr Leu Asn Lys lie Gin Asn Ser Leu 
1 5 " 10 15 



<210> 11 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 11 

Glu Tyr Leu Asn Lys lie Gin Asn Ser Leu Ser Thr Glu Trp Ser 
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10 
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15 



<210> 12 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 12 

lie Gin Asn Ser Leu Ser Thr Glu Trp Ser Pro Cys Ser Val Thr 
15 10 15 



<210> 13 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 13 

Ser Thr Glu Trp Ser Pro Cys Ser Val Thr Cys Gly Asn Gly lie 
15 10 15 



<210> 14 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 14 

Pro Cys Ser Val Thr Cys Gly Asn Gly lie Gin Val Arg He Lys 
15 10 15 



<210> 15 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 15 

Cys Gly Asn Gly He Gin Val Arg He Lys Pro Gly Ser Ala Asn 
15 10 15 



<210> 16 
<211> 15 
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<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 16 

Gin Val Arg lie Lys Pro Gly Ser Ala Asn Lys Pro Lys Asp Glu 
1 5 10 15 



<210> 17 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 17 

Pro Gly Ser Ala Asn Lys Pro Lys Asp Glu Leu Asp Tyr Glu Asn 
1 5 10 15 



<210> 18 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 18 

Lys Pro Lys Asp Glu Leu Asp Tyr Glu Asn Asp lie Glu Lys Lys 
1 5 10 15 



<210> 19 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 19 

Leu Asp Tyr Ala Asn Asp lie Glu Lys Lys lie Cys Lys Met Glu 
1 5 10 1 15 



<210> 20 

<211> 16 

<212> PRT 

<213> Artificial 



Sequence 



<220> 

<223> Description of Artificial Sequence: Synthetic 
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<400> 20 

Asp lie Glu Lys Lys lie Cys Lys Met Glu Lys Cys Ser Ser Val Phe 
15 10 15 



<210> 21 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 21 

lie Cys Lys Met Glu Lys Cys Ser Ser Val Phe Asn Val Val Asn 
1 5 ~ 10 15 



<210> 22 
<211> 9 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 22 

Gly lie Leu Gly Phe Val Phe Thr Leu 
1 5 



<210> 23 
<211> 22 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 23 

Phe Asn Asn Phe Thr Val Ser Phe Trp Leu Arg Val Pro Lys Val Ser 
15 10 15 

Ala Ser His Leu Glu Thr 
20 



<210> 24 
<211> 9 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 



WO 2004/037189 PCT/US2003/033462 

7/9 

<400> 24 

Ser Leu Tyr Asn Thr Val Ala Thr Leu 
1 5 



<210> 25 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 25 

Ala Gly Leu Leu Gly Asn Val Ser Thr Val Leu Leu Gly Gly Val 
15 10 15 



<210> 26 
<211> 15 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 26 

Glu Tyr Leu Asn Lys lie Gin Asn Ser Leu Ser Thr Glu Trp Ser 
15 10 L 15 



<210> 27 
<211> 9 
<212> PRT 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
peptide 

<400> 27 

Gly lie Leu Gly Phe Val Phe Thr Leu 
1 5 



<210> 28 
<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: Synthetic 
primer 

<400> 28 

ttggtgatga tttgaacatt gga 23 



<210> 29 
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<211> 23 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial 
primer 

<400> 29 

cccagttcct gcagagtaga aaa 



<210> 30 

<211> 19 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial 
primer 

<400> 30 

gaaggtgaag gtcggagtc 



<210> 31 
<211> 20 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial 
primer 

<400> 31 

gaagatggtg atgggatttc 



<210> 32 

<211> 29 

<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial 
primer 

<400> 32 

tgtcacttgc aaacacacag cttgtcgaa 



<210> 33 
<211> 20 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial 
primer 



Sequence : Synthetic 

23 

Sequence: Synthetic 

19 

Sequence: Synthetic 

20 

Sequence: Synthetic 

29 

Sequence : Synthetic 



<400> 33 
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caagcttccc gttctcagcc 



